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Over the past decade the orthopaedic implant industry has experienced a number of high 
profile product recalls. The most widely publicised was the ASR
TM
 Hip System from DePuy 
Orthopaedics Inc. in 2010. Issues came to light when the National Joint Registry in England 
and Wales reported a 5 year revision rate of approximately 13% (Johnson&Johnson, 2010).  
In 2013 the Federal Drug Administration (FDA) announced the Unique Device Identifier 
(UDI) Rule to “establish a system to adequately identify devices through distribution and 
use” (FDA, 2013). This was very positive in terms of product traceability and patient care 
however it does not apply to the manufacturing process which is regulated under FDA 
21CFR820 and ISO13485:2016 standards. Unlike the UDI ruling these standards do not 
specify a need for individual device identification, rather they put the onus on the 
manufacturer to specify the level of quality assurance and traceability required. 
The majority of orthopaedic implants are produced in batches using the investment casting 
process. This is ideally suited to making high volumes of identical product,  but as a result no 
implants are currently manufactured with unique device identifiers from the wax injection 
stage of the process. This means if a product failure occurs entire batches must be recalled 
instead of individual devices. 
This research aims to develop technology to enable individual device traceability. The 
objective is to develop a prototype device for creating simple dot patterns on wax 
investments. The device specifications will adhere to ECC200 Data Matrix standards as static 
versions are being used by a leading manufacturer for batch traceability of knee implants. 
A literature review determined there was currently no suitable method for creating UDIs on 
individual cast and injection moulded components. However, the literature did identified a 
number of technologies which could potentially form a basis for a dynamic marking device. 
Wax actuators were deemed the most suitable. They work by using the volume expansion 
during the solid to liquid phase change to do mechanical work. 
Four experimental phases following a design, build, run and analyse methodology were used 
to develop a marking device. Phase 1 prototyed technologies from the literature, identifying 
gaps in the knowledge. From this it was determine a new design of wax actuator would need 
to be developed along with a compatible heater system and a method of filling wax actuators. 
Phase 2 developed a PCB heater array. For testing this was bonded to a corresponding array 
of wax actuators in a polymer block and sealed with an elastomeric membrane. When current 
was applied, the heater temperature increased, melting the wax causing it to expand. The wax  
expansion created a raised dot on the top surface of the array. 
Experiment Phase 3 integrated  the heater and wax actuator arrays in one PCB. The top 
surface of wax actuators was sealed with a membrane. During this phase a new and novel 
heater design was developed. The heater was an electrically resistive sleeve which 
completely enveloped the wax. This was a new wax actuator design with a fast response time. 
At the time of writing, patent protection is pending on the actuator design. 
A final prototypte was fabricated for a wax injection mould. The prototype device was 
capable of surviving moulding pressures of up to 30Bar. It was also capable of creating 
unique dot patterns which could be moulded into wax investments. A patent has been filed on 
the marking device design. An International Searching Authority (ISA) report conclude the 




In 2011 the global revenue for hip and knee orthopaedic implants was $14.4Bn equating to 
1.4million hip and 1.1million knee replacement surgeries (Orthoknow, 2012). Market 
research has shown that hip and knee implants account for 92% of the joint reconstruction 
market and represent the highest portion of the market by unit volume and total value 
(Skelton, 2014). The remainder is composed of implants for extremities such as ankles, 
shoulders and wrist and will not be considered for the remainder of this research.  
Hip implants consist of two parts, an acetabular component and a femoral component. The 
acetabular component is a cup which is inserted into the pelvis and the femoral component 
and has a ball that fits into the cup and a long stem which is fixed into the femur. Figure 1 
shows a pictorial representation of an artificial hip. Knee implants use a metal femoral 
component with two bearing surfaces resting on a polymer pad held in place by a metal tibial 
component as shown in Figure 2. 
 
 
Figure 1: Implanted artificial hip joint (OrthoInfo, 
2020a) 
Figure 2: Implanted artificial hip joint (OrthoInfo, 
2020b) 
A hip femoral component can be manufactured entirely of cast metal (commonly stainless 
steel, cobalt chrome or titanium) or may be a metallic stem with a ceramic or polymer ball. 
Similarly the acetabular component can be made entirely from metal or may be a metal 
socket with a polymer or ceramic lining. The type of implant used is chosen by a surgeon on 










As stated previously the market research shows that hip and knee implants account for 
approximately 92% of the joint reconstruction equating to $14.4Bn in 2011. It is forecast that 
the global implant market will grow at a compounded annual growth rate (CAGR) of 3.3% to 
$22.2Bn in 2021 as shown in Figure 3. Hips and knees will account for €20.1Bn of the 
forecast global sales revenue (Skelton, 2014). 
 
Figure 3: Forecast growth of orthopaedic implant market between 2011 and 2021 
This trend is projected to continue, a more recent study from November 2016 puts the US 
Orthopaedics and Prosthetics market at approximately €19Bn in 2020 growing to  just over 
€24Bn in 2025 (Fitchsolutions, 2016).  
The projected increase in demand is driven by a number of factors including: 
1. Increasing population 
2. Aging population 
3. Increased cases of osteoarthritis 
4. Rise in obesity 
5. More active lifestyle 
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A United Nations report on global population stated that the world population is projected to 
grow from an estimated 7.7 billion people in 2019 to a projection 8.5 billion in 2030 (UN, 
2019). In conjunction with the increase in population, life expectancy is also rising. The 
World Health Organisation global life expectancy at birth shows an overall increase from an 
average 64 years to 72 years from 1990 to 2016 (WHO, 2018c). It is projected that from 2015 
to 2050 the number of people over the age of sixty years will reach over 2 billion in the 50 
years since 2000 (WHO, 2018a).  
Osteoarthritis (OA) is a condition which leads to the degradation of the protective cartilage 
layer on the end of bones and will ultimately result in damage to the joint requiring surgical 
intervention to address it. Cross et al. (2014) carried out a systematic review to determine the 
prevalence, incidence and mortality risk of hip and knee OA. The study showed that OA was 
the 11
th
 highest contributor to global disability. It was clear from the study that the percentage 
of the population with OA is not increasing, however, there will be an increase in the absolute 
number of people suffering from the condition due to the increasing global and aging 
population (Cross et al., 2014). 
As the prevalence of OA rises due to the increasing aging population it is likely that it will be 
compounded by the rise in obesity. According to the WHO global obesity has more than 
doubled since 1980 and in 2016 over 1.9 billion adults over the age of 18 years were 
overweight with 650 million of these being obese. This equates to almost 40% of the adult 
population being overweight and 13% being obese (WHO, 2018b). In 2018 the WHO also 
reported that 124 million children between the ages of 5-19 years were overweight or obese. 
This is a greater than ten-fold increase since 1975 when 11 million children of the same age 
were overweight (WHO, 2018c). 
While there is a definite trend towards global obesity other sectors of society are showing a 
trend toward increased physical activity levels. A study to assess global physical activity 
levels (Hallal et al., 2012) was published in the Lancet Journal in 2012 it sighted several 
environmental factors such as rapid urbanisation and mechanisation of transportation have 
caused a global change in physical activity levels. It also noted that the nature of employment 
has changed from ones which were more physical demanding to more sedentary forms of 
work. The study indicated that in the United States of America (USA) the average energy 
consumption at work has decreased by 100 calories per day over the past 50 years. Another 
systematic review has shown that while we may have more sedentary work practices there 
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has been a steady increase in physical leisure time activities over the past 20-30 years in high 
income countries. This rise in sports participation may result in more strenuous and 
accelerated wear on human joints increasing the need for hip and knee arthroplasty (Knuth 
and Hallal, 2009). 
These global trends of an increasing ageing population, higher obesity levels and higher 
activity levels among a certain proportion of the population are set to continue to drive the 
demand for orthopaedic implant into the future. 
 
1.1. Recalls of Orthopaedic implant 
The rapid market growth is good news for the industry; however it does offer some concern 
for patient health and safety. In 2003 the FDA commenced electronically tracking recall 
information for all medical devices in a dedicated database. The recall database contains 
information on: 
 Recall classification (indication of how serious the recall is) 
 Recall number 
 Start date 
 Termination date 
 Product type 
 Quantity of units recalled 
 Batch numbers of affected units 
 Reason for recall 
 FDA ruling on cause of recall 
The database contains information recorded on over 1200 medical device recall events 
relating to hip and knee orthopaedic implants since electronic records began. The recall 
events from 2003 to 2013 regarding orthopaedic implants were retrieved an analysed. During 
the selected period approximately 1.33 million knee implants were recall equating to 707 
separate recall orders and 1.45 million hip implants from 576 recall orders (FDA, 2015). 
Analysis of the FDA rulings showed that for almost 10% of the recalled product a root cause 
of “Other/Undertermined: Pending” or “Other/Undertermined: Under investigation by firm” 
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was assigned. In total 118 recall events totalling over 420,000 hips and knees have been 
closed without a satisfactory FDA conclusion.  
In one particular case in September 2010 a knee implant was recalled by Zimmer Inc. The 
firm had received reports of loosening of the knee implant requiring a revision surgery to 
correct the issue. After 114 Medical Device Reports (MDRs) were filed reporting loosening 
of the device; Zimmer initiated a blanket recall of all potentially affected products. In total 
1731 batches of product were recalled totalling 68,384 knee implants. The recall data showed 
that individual defective units were not recalled in isolation rather an entire batch or multiple 
batches were recalled. There is no detail provided as to how many of the devices had been 
implanted, some of the product may have been in storage while it is known that others had 
been implanted and needed to be retrieved from a patient using surgical methods.  
A more recent recall in November 2019 has been issued by Zimmer Biomet Inc. for various 
hip systems totalling 219,988units dating from May 2008 to the date of the recall. The 
company has indicated there are “elevated levels of bacterial endotoxin and residue debris 
remaining on the device due to a cleaning issue” (FDA, 2019b). The issues with orthopaedic 
implant are not limited to hips and knees. Another recall event by Zimmer Biomet Inc. on the 
10
th
 October 2019 recalled 5,459,583 prosthetic shoulders relating to all product 
manufactured before January 2014 (FDA, 2019a). The quantity of units being recalled 
highlights the importance of a robust traceability system for the manufacture and distribution 
of orthopaedic implants. 
The requirement to recall entire batches of product rather than individually defective units 
stems from the investment casting manufacturing process used for the production of 
orthopaedic implants. The process is designed to produce large volumes of standardised 
product and does not easily lend itself to creating uniquely identified products which would 
be required for individual device traceability. The current production system may also use 
injection moulds with multiple cavities for the same product. At present there is no means by 
which these wax investments can be individually identified or knowing which cavity was 
used to produce a wax investment for a particular orthopaedic implant. Traceability issues are 
not limited to the casting process, throughout the entire production system devices are 
processed in batches. Orthopaedic implants within a batch may be processed on different 
machines and by different production operators. This lack of individual device identification 
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makes it more difficult to conduct rigorous root cause analysis on defective units and plays a 
significant part in the need to recall entire batches rather than individual units. 
There are currently two production processes being used, the first laser marks each casting 
with a 2D Data Matrix to identify the product number after metal casting and excludes the 
vital wax moulding and metal casting steps. An alternative process is used on a limited 
number of products which incorporates a static 2D Data Matrix on the wax pattern 
representing the product number and mould used as shown in Figure 4. 
 
Figure 4: Current wax pattern for orthopaedic knee with static 2D datamatrix 
The use of 2D Data Matrix codes for direct part marking (DPM) has long been establish 
across a number of industries including aerospace, automotive, medical device, 
pharmaceutical and electronics. A 2D Data Matrix is a very compact method for encoding 
data and can hold as much as 100 times that of a 1D barcode Moss et al. (2013). It also has 
significant advantages over competing technology such as Radio-frequency identification 
(RFID) which can be sensitive to liquids and metals (Nekoogar and Dowla, 2011). The 
primary disadvantage of a static 2D Data Matrix in this application is that it lacks the 
granularity to provide individual traceability of orthopaedic implants from the injection 
moulding of the wax pattern to the finished product. 
Given the projected market growth and strong industry drivers, the inability to individually 
trace and conduct rigorous root cause analysis of failed product will result in more frequent 
and increasingly larger numbers of products recalled from the marketplace. The need to 
Static ECC200 2D Data Matrix Code Wax Investment for Knee Implant
8 
 
develop a production control system capable of tracking a product through its entire life cycle 
is becoming increasing important to increase patient safety and minimise costs in terms of 





1.2. Problem Statement 
The current investment casting process does not lend itself to economically imparting unique 
device identifiers from the wax injection stage of the orthopaedic implant manufacturing 
process. As a result when product failures occur in the market place it is not possible to 
individually trace orthopaedic devices to determine the origin of the implant concerned. This 
can result in an inability to determine the root cause of a failure and consequently large batch 
recalls from the marketplace. 
  
1.3. Research objectives 
This research will focus on developing technology that will address the lack of individual 
orthopaedic device traceability from the wax injection stage of an implant manufacturing 
process. The objectives of the research are: 
1. To investigate existing technologies to determine their suitability for creating unique 
identifiers on wax investments in the orthopaedic implant manufacturing process 
 
2. To design a prototype marking device for creating simple unique patterns on wax 
investments 
 
3. To fabricate an advanced prototype marking device capable of creating unique 
patterns on wax investment 
 
4. To determine the operating parameters of the prototype device 
 
5. Determine if it is feasible for the marking device technology that has been developed 






2. Literature Review 
The process of creating metal objects through casting has been around for over 5000 years 
(Jones and Yuan, 2003). Approximately 3500BC investment casting was invented, also 
known as precision casting, it is useful due to the processes ability to produce objects with 
complex geometries that are near-net-shape and have no parting line (Vidyarthee and Gupta, 
2017; Singh et al., 2018).  
The investment casting process is economical for high volume mass production of complex 
geometry parts (Kumar et al., 2012; Marwah et al., 2012) and as a result it is widely used in 
the orthopaedic implant industry. The process starts by producing a wax model (or 
investment) of the final product. For efficient production a number of these wax components 
can be assembled into a tree. The wax tree is repeatedly dipped into ceramic slurry until a 
shell of the desired thickness is built up around the tree. Once the shell is dry and hard it is 
fired in a furnace and the wax is burned out leaving an empty ceramic shell mould. Molten 
metal is gravity poured into the ceramic mould and allowed to solidify. After solidification 
and cooling the ceramic shell is broken off the metal casting. The individual metal 
components are separated from the tree and are ready for finish machining. An overview of 
the investment casting process is shown in Figure 5. 
 
Figure 5: Investment casting process (Singh et al., 2018) 
As can be seen from Figure 5, the process begins with the wax injection, however each wax 
investment is based on the same mould, meaning that the cast components are essentially 
identical, making individual part identification difficult. This presents the medical device 
industry with significant challenges as traceability requirements on the manufacture and 
Wax Injection Assembly Shell Building Dewax/Burnout
Gravity Pouring Knock out Cut-off Finished Castings
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distribution are increasing due to the FDA Unique Device Identification (UDI) ruling. The 
UDI code calls for a product identifier containing the production lot or batch number along 
with the serial number and other manufacturing information. While the current UDI ruling 
has been implemented for the packaging of medical devices so as to better control their 
distribution, the next logical step is to introduce this requirement throughout the 
manufacturing process. This presents the orthopaedic implant industry with a problem 
because of the batch production nature of the current investment casting process. Currently 
unique numbers are only applied to orthopaedic implants after casting, typically by means of 
laser marking. This eliminates the possibility of achieving full individual component 
traceability through the entire production system. At present the capability of creating 
individual device identifiers from the wax injection stage of orthopaedic implant 
manufacturing is not possible. This research will investigate a method of achieving this. 
Investment casting is a two-step procedure involving an injection moulding process and a 
gravity casting process. The literature review will examine current technologies being used in 
both of these fields to determine if any of the existing solutions could be introduced or 
adapted to suit the investment casting process. 
It will also investigate alternative manufacturing processes currently being utilised for 
orthopaedic implant manufacturing. Metal 3D printing is an emerging technology and has 
gained in popularity in recent years with all three of the major international manufacturers 
having invested in 3D printing technology. This process is ideally suited to creating unique 
part identifiers on a component during manufacture. This technology may have the capability 
of providing a solution to the current traceability issues relating to orthopaedic implant 
manufacture. The literature begins with an analysis of 3D metal printing in the medical 
device sector. 
 
2.1. 3D Metal printing as a potential solution to apply unique device identifiers 
Additive manufacturing has been adopted recently by the three largest manufacturers of 
orthopaedic implants, each having opened dedicated additive manufacturing facilities. This 
process has the potential to present a solution to the problem of applying unique device 
identifiers from the first stage of the manufacturing process. 
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There are two main types of additive manufacturing being explored at present; one is 
Directed Energy Deposition (DED) where a laser or electron beam is targeted on a 
synchronised flow of material which is being deposited in layers to form an implant. Another 
method is Powder Bed Fusion (PBF) which uses a laser or electron beam to selectively fuse 
successive layers of powder metal. There is a clear consensus amongst researchers on the 
potential advantages of metal printed orthopaedic implants, they are ideal for: 
 Patient specific custom implants (Silva and Rezende, 2013; Fukuda, 2015; Nakano 
and Ishimoto, 2015) 
 Fabricating prototypes for product development, training or planning surgical 
procedures (Sahadhya et al., 2015) 
 Customising the microstructure of the implant (Rani et al., 2017) 
Perhaps one of the most unique features of a 3D metal printed orthopaedic implants is the 
ability to create regions of high porosity for enhanced osseointegration (Wang et al., 2016; 
Mahmoud and Elbestawi, 2017; Tilton et al., 2018). This feature can reduce the need for 
adhesives in the implantation of a device as the implant will be incorporated into the patient’s 
bone structure during the healing process. An example of a knee implant with a porous region 
is shown in Figure 6. 
 
Figure 6: Knee implant containing a porous interface to enhanced osseointegration (Murr et al., 2012) 
Given the versatility of the 3D metal printing and the fact that implant devices are produced 
as discrete units it would be possible to incorporate a unique device identifier during the 
manufacture of each part. The process would have the added benefit that an identifier code 
could be placed in almost any position on a device.  
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However, regardless of which type of 3D printing is used there are a number of significant 
disadvantages of the process namely the staircase effect whereby each layer does not 
completely cover the previously sintered one, and poor dimensional accuracy (Marwah et al., 
2012; Boschetto et al., 2013; Harun et al., 2018). 
 
 
Figure 7: Staircase effect of layer in 3D metal printed components (Boschetto et al., 2013) 
The staircase effect in combination with the layer thickness which ranges from 16μm to 
400μm (Redwood et al., 2017) depending on the process, requires that orthopaedic implants 
manufactured in the way will need post processing such as grinding to achieve the required 
surface finish (Sing et al., 2016). 
Despite the technical difficulties associated with 3D metal printing, it is clear from the 
volume of recent research that additive manufacturing is gaining traction, and, will most 
likely form an important part in the manufacture of medical devices and the development of 
new ones. The current additive process however only lends itself to the manufacture of low-
volume or customised implants in addition to producing patterns for investment casting 
(Chua and Leong, 2014; Rajic et al., 2014; Chohan et al., 2017). Additive manufacturing 
could also have a significant impact in new areas such the repair of damaged bone where its 
potential to create structures with varying stiffness and porosity makes it ideal for this 
application (Taniguchi et al., 2016; Wang et al., 2016). 
However the process hasn’t achieved widespread adoption as it isn’t cost effective for large 
scale production of standard components (Crawford, 2018). An industry report in 2019 
reported that the total revenue for all orthopaedic implants manufactured using additive 
technology was approximately $500M worldwide across all product ranges and materials 
(GlobalNewswire, 2019). Looking at this volume of manufacturing it constitutes a small 






knees alone. It is likely that additive manufacturing will continue to play a complementary 
role in the manufacture of hip and knee orthopaedic implants but investment casting will 
continue to be the process of choice for manufacturing the volume of product required to 
service the growing global market. As the market share for additive manufacture is still low 
due to its infancy and low adoption rate, the focus of this research is aimed at those implants 
which continue to be manufactured using the investment casting approach which account for 
over 97% of the world’s market. The following section aims to outline some of the attempts 
at introducing traceability into the casting and injection moulding processes. 
 
2.2. State of the art for direct part marking in injection moulding and casting 
There have been many attempts to overcome the traceability issue in moulding. Some of the 
first and most common use simple inserts in the mould wall to impart a date stamp or some 
other information on the part being cast or moulded. Figure 8 shows an example of this type 
of identification systems on the inside of rechargeable battery module. 
 
Figure 8: Identification marks on the inside of injection moulded component 
Kuhling (1987) disclosed a mechanism for creating this type of part identifier in his 1987 
patent. A schematic of the device is shown in Figure 9. It consisted of a rotatable indicator 
mark around which is a non-rotatable ring with a selection of relevant identification marks. 
The indicator mark can be rotated to align to a desired identification mark prior to moulding. 
During the moulding process the part identifier forms part of the mould wall and the desired 
information is embossed onto the component being moulded. 









Figure 9: Date stamp mechanism for injection moulding patented by Kuhling (1987) 
There have been several variants of this design concept proposed by Optiz (1997) and 
Boskovic (1998) in an effort to increase the amount of information contained on the 
identification mark. Streit (1999) patented a design which had a number of tapered concentric 
rings which could be aligned relative to each other and a reference mark. A cross section of 
the design is shown in Figure 10. Once the rings are aligned in the desired orientation the 
mark in the centre of the device indicates the relevant information for part traceability. 
  
 
Figure 10: Marking design proposed by Streit (1999) 
Hughes (2001) identified that many of the previous designs for marking devices required the 
operator to change the setting while the mould was still in the machine and thus potentially 
putting the operator at risk. He proposed a device which was able to impart a mark containing 
the same information as previous inventions but allowed the operator to set it while 
remaining outside the mould. Similarly Rieke (2006) proposed an alternative design which 
was capable of being set without the need for the operator to place themselves in the open 
mould. 
Pruna (2004) and Mangone (1991) applied for patents on a similar concepts where by a 
sequential number can be applied to series of moulded components. In this design an 
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electrical signal is sent to the numbering system which increments the number on the marking 
device ready for the next component to be moulded. 
The marking systems that have been outlined thus far offer a simple and reliable method for 
creating identification marks on a cast or moulded component. However they are largely 
manual systems which require operators to set them or comprise of simple automated systems 
for creating sequential numbers. They have the advantage that they can be interpreted directly 
by reading them but they do offer limited ability to contain more than simple production data 
such as the time and date of manufacture or a sequential serial number.  
To overcome this limitation of the indexable insert many inventors have proposed creating 
separate barcodes and placing them inside a mould. One type was manufactured by a former 
US based company Perma-Code which supplied waterjet cut ceramic stencils for insertion 
into a mould. An example of stencil and cast component are shown in Figure 11. 
 
Figure 11: Ceramic stencil from Perma-Code US with a cast example (Perma-Code, 2013) 
The use of a 2D Data Matrix over an indexable insert or a sequential number greatly 
increases the quantity of data which can be stored on an individual product. The concept of 
inserting barcode identifiers into a mould is not new. One of the first examples of this was 
proposed by Cantwell (2002) who applied for patent protection on a process of inserting a 
barcode identification stencil into a mould for creating unique identifiers on cast parts. 
Cantwell’s patent focused on the use of 1D barcode stencils. Roxby and Mann (2003) 
proposed using a ThermoJet
TM
 to 3D print wax 2D Data Matrix tokens so that they could be 
incorporated into the wax investment during injection moulding, while Coulson (2002) 
proposed manufacturing a polymeric token which then could be wax welded to a wax 
investment prior to ceramic coating. Jones et al. (2013) describe yet another method of laser 
engraving a metal plate which could be incorporated into the mould wall and thereby 
transferring the identification mark to a component during the casting process. 
While these methods do offer an increased opportunity to trace product through a 
manufacturing process none of them have the ability to encoded each product with a unique 
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identifier. The concept of placing barcode tokens in a mould introduces the risk of encoding a 
component with the incorrect information. This risk is further increased when using a 2D 
Data Matrix code as this cannot be interpreted directly by an operator and requires the use of 
a barcode scanner and the appropriate software. 
Currently a leading orthopaedic implant manufacturer is machining 12 x 12 ECC 200 2D 
Data Matrix codes in to the surface of inserts set into the wax injection mould for encoding 
the wax investments for knee implant manufacture. The data matrix codes are approximately 
14mm x 14mm in size and contain a static code which does not have the facility to change 
between injection cycles. If a different code is required the mould has to be disassembled and 
a new one installed. Using this system eliminates the potential of putting incorrect 
information on a component. It has the added advantage of being able to contain a large 
amount of data in a relatively small area but it does not present a method for creating unique 
identifiers on each component being produced. 
A number of systems have been invented to put a unique identification mark directly on a 
part during the casting or moulding process. Lemelson (1982) proposed a system for using a 
matrix of solenoid actuators or motors connected to a series of pins embedded in a mould 
wall. The device could be configured to selectively extend pins and create unique patterns on 
a component being manufactured by a pressure moulding process. A schematic of the design 
is shown in Figure 12.  
 
Figure 12: Solenoid array in a mould wall for creating identification marks (Lemelson, 1982) 
The proposed design has merit however it is not without its disadvantages, primarily relating 
to the potential size of the pin and actuator mechanism. The patent application gives no 
indication on the size of the device or the number of actuators in the array; however given the 
actuation technology described is it unlikely that it would be possible to achieve a close 
packed array of multiple actuators that have the ability to withstand the pressure in an 
injection moulding cycle. Kramer and Meissner (2009) applied for patent protection on a 
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similar device. They described a device which had a matrix of 6x6 pins which could be 
extended into the mould cavity pneumatically, hydraulically or electromechanically. The 
footprint of the pin array was 30mm x 30mm. 
Examining the existing solutions the literature highlights a number of inadequacies with 
respect to creating unique device identifiers during the casting or injection mould in 
processes: 
1. Due to the high demand for devices it is not feasible to use indexable inserts in 
moulds which would need to be changed after each injection cycle. It would also 
require a large number of indexable inserts to contain the required level of data to 
create a compliant UDI code. 
2. The risks associated with incorrectly applying prefabricated barcode tokens are not 
appropriate for a regulated medical device manufacturing process. 
3. The 6 x 6 2D data matrix code proposed by Kramer and Meissner (2009) would be 
capable of creating unique patterns but not capable of creating standard 2D Data 
Matrix codes such as the ECC200 code or an equivalent standard. 
4. The design offered by Kramer and Meissner (2009) also has a 30mm x 30mm 
footprint. This would present a number of significant technical challenges to increase 
the size of the matrix so that is could satisfy the quantity of data for a UDI compliant 
code while reducing the footprint so that it could fit on an orthopaedic implant. 
It is clear with the increased demand on traceability in the medical device manufacturing 
sector the most desirable outcome is to have complete traceability of individual orthopaedic 
implants from the wax injection stage to the final manufacturing process. 
Currently there is no suitable means of achieving this in a regulated manufacturing 
environment. The ECC 200 static code currently being used by one manufacturer has the 
potential to hold a large amount of data for its given footprint but lacks the ability to create 
unique identifiers for each implant. 
This research will endeavour to create a knowledge base which can be used to solve this 
problem. It will focus on creating a prototype marking device for creating dynamic unique 
identifiers based on the ECC 200 2D Data Matrix standard which can be incorporated into a 
wax injection mould. However before prototype development begins it is first necessary to 
examine existing methods which could be used for 2D Data Matrix creation. 
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2.3. Assessment criteria for potential 2D Data Matrix technologies 
The user requirements were established in conjunction with a manufacturer of wax injection 
moulds for the orthopaedic implant sector and from current industry methods of applying 
direct part markings to wax investments. Table 1 shows the list of end user requirement for 
the prototype device. 
 
Table 1: End user for prototype marking device 
 
 
Using a House of Quality approach the end user requirements were translated into a set of 
technical specifications as shown Figure 13. Using a relative ranking system the importance 
of each customer specification was defined and the ability of the technical specification to 
satisfy the customer requirement was assessed. This enabled a ranking to be assigned to each 
specification which could be used to assess the suitability of the actuator technologies from 
the literature.  
1 Create a unique identifier 4 Desireable if device could withstand 
injection pressure for wax trees
2 Ability to incorporate into multiple 5 Ease of manufacture
positions in the mould
3 Capable of withstanding was injection 
moulding pressure for knee implants





Figure 13: House of Quality assessment of end user requirement and technical specifications 
2.4. 2D Data matrix actuator technologies 
With an understanding of the required outputs, this aspect of the literature review will 
examine technologies suitable for the manufacture of dynamic 2D Data Matrix arrays. The 
technologies will be assessed using the specified technical requirements to determine their 
suitability for creating a prototype device which can be incorporated into a wax injection 
mould. A high level review will examine the following technologies: 
1. Lockable pin arrays using low melting point alloys 
2. Microsolenoid actuators 
3. Piezoelectric actuators 


































































































































































































































































Can create a unique identifier mark 5 25 9 3 9 3
Capable of withstanding wax injection 
moulding for knee implants
5 25 3 9 9
Ability to incoporate into multiple 
locations in the mould
3 15 6 9 3 9 6
Ease of manufacture 1 5 6 6 9 9 9 6
Fast response time 4 20 9
Reliable (>10,000 cycles) 2 10 9
Total 100 345 315 315 225 225 45 45 90 135 195 180
 ++ Strong positive relationship
 + Positive relationship
No relationship
 - Negative relationship





Association of customer 




b. Piezoelectric comb actuators 
c. Piezoelectric multistack actuators 
4. Shape memory alloy 
a. Shape memory alloy spring actuator with bias spring 
b. Bi-stable thin film shape memory alloy actuator 
c. Composable shape memory alloy actuator 
5. Servo motor actuators 
6. Bi-stable electromagnetic actuators 
7. Wax actuators 
Each technology will be scored as to how well it can fulfil the technical requirements. Finally 
and in-depth literature review will be conducted on the one with the highest score. 
 
2.4.1. Lockable pin arrays using low melting point alloys 
Nakashige et al. (2004) designed and prototyped a 10 x 10 pin haptic array for braille 
displays. A cross section schematic of the device is shown in Figure 14. The device operates 
by using a small quantity of low melting point alloy contained in individual resevoirs 
underneath each actuator pin. The purpose of the alloy is to hold the pins in the extended or 
retracted positions as required. The alloy for any pin can be melted by means of individually 
controlled heaters. The pins are extended by blowing compressed air into chamber and 
retracted by creating a vacuum. An assessment of the technology against the technical 
specifications is shown in Table 2. 
 














Table 2: Assessment of lockable pin arrays using low melting point alloys 
 
The final assessment score for pin arrays using low melting point alloys is not sufficient to 
warrant further research. 
 
2.4.2. Microsolenoid 
Yang et al. (2008) proposed using microsolenoid as a pin actuation method for creating 
patterns on haptic arrays. Typically solenoids consist of a coil of enamelled copper wire 
wound around spool containing a moveable ferromagnetic core. The mircosolendoid design 
consisted of copper wire wound around a stationary iron core. When current is applied to the 
coil the core is magnetised which attracts or repels the permanent magnet fixed to the 
moveable pin. The proposed design had a small outside diameter which made it suitable for 
creating arrays of closely packed solenoid devices as shown in Figure 15. An assessment of 
the technology against the technical specifications is shown in Table 3. 
  
Figure 15: Design proposed by Yang et al. (2008) for close-packed microsolenoid array 
 
Technical Requirement Relative 
Ranking






ECC 200 12 x 12 2D Data matrix 345 Strong 1 345
14mm x 14mm footprint 315 Medium 0 0
Actuator array with 1 : 1.5 dot size to pitch ratio 315 Medium 0 0
17Bar pressure 225 Strong 1 225
30Bar pressure (Wax Trees) 225 Strong 1 225
Compact actuation system 195 Strong 1 195
Short response time (<10 seconds) 180 Strong 1 180
Orientation independent 135 Weak -1 -135
Low number of parts for good reliability 90 Weak -1 -90
Can be manufactured using standard processes 45 Medium 0 0










Table 3: Assessment of microsolenoid actuators 
 
The final assessment score for microsolenoid actuators is not sufficient to warrant further 
research. 
2.4.3. Piezoelectric Actuator 
When a piezoelectric material is deformed an electric charge is generated, conversely when 
an electrical charge is applied to a piezoelectric material it can be made deform (APC 
International Ltd, 2016).  
 
2.4.3.1. Piezoelectric bending actuator 
The use of piezoelectic bimorph actuators was proposed for the manufacture of braille 
displays by Linvill and Bliss (1966). They described “a piezoelectric reed mounted in a 
cantilever manner” as a means of creating linear actuation of a pin under the application of an 
applied voltage. The paper outlines the design and prototyping of a 12 x 8 array of bimorph 
actuators used to extend and retract a series of stimulator pins to create the desired pattern. 
This method of creating pin arrays powered by bimorph actuators was also used by Yang et 
al. (2007) for creating a tactile and thermal feedback pin type haptic array as shown in Figure 
16. This design was also very similar to one designed by Kyung et al. (2006) who fabricated 
a 6 x 5 array using the same technology. An assessment of the technology against the 
technical specifications is shown in Table 4. 
Technical Requirement Relative 
Ranking






ECC 200 12 x 12 2D Data matrix 345 Strong 1 345
14mm x 14mm footprint 315 Strong 1 315
Actuator array with 1 : 1.5 dot size to pitch ratio 315 Weak -1 -315
17Bar pressure 225 Strong 1 225
30Bar pressure (Wax Trees) 225 Strong 1 225
Compact actuation system 195 Weak -1 -195
Short response time (<10 seconds) 180 Weak -1 -180
Orientation independent 135 Medium 0 0
Low number of parts for good reliability 90 Weak -1 -90
Can be manufactured using standard processes 45 Medium 0 0





Figure 16: Haptic pin array using piezoelectric bending actuators by Yang et al. (2007) 
 
Table 4: Assessment of piezoelectric bending actuators 
 





Technical Requirement Relative 
Ranking






ECC 200 12 x 12 2D Data matrix 345 Strong 1 345
14mm x 14mm footprint 315 Weak -1 -315
Actuator array with 1 : 1.5 dot size to pitch ratio 315 Strong 1 315
17Bar pressure 225 Weak -1 -225
30Bar pressure (Wax Trees) 225 Weak -1 -225
Compact actuation system 195 Weak -1 -195
Short response time (<10 seconds) 180 Strong 1 180
Orientation independent 135 Strong 1 135
Low number of parts for good reliability 90 Medium 0 0
Can be manufactured using standard processes 45 Medium 0 0




2.4.3.2. Piezoelectric comb actuator 
An alternative to the piezoelectric bending actuators is a piezoelectric comb. This type of 
device was used by Wang and Hayward (2006) to create an array of 10 x 10 actuators as 
shown in Figure 17. 
 
Figure 17: Piezoelectric comb actuators Wang and Hayward (2006) 
This type of piezoelectric actuator could be used to extend an array of pins in a similar 
manner to the designs by Kyung et al. (2006) and Yang et al. (2007). It may also offer the 
potential of a simplified design and more reliable device due to the reduced number of 
components in the array. An assessment of the technology against the technical specifications 
is shown inTable 5. 
 
Table 5: Assessment of piezoelectric comb actuators 
 












Technical Requirement Relative 
Ranking






ECC 200 12 x 12 2D Data matrix 345 Strong 1 345
14mm x 14mm footprint 315 Weak -1 -315
Actuator array with 1 : 1.5 dot size to pitch ratio 315 Strong 1 315
17Bar pressure 225 Weak -1 -225
30Bar pressure (Wax Trees) 225 Weak -1 -225
Compact actuation system 195 Medium 0 0
Short response time (<10 seconds) 180 Strong 1 180
Orientation independent 135 Strong 1 135
Low number of parts for good reliability 90 Medium 0 0
Can be manufactured using standard processes 45 Medium 0 0




2.4.3.3. Piezoelectric multilayer stack actuator 
One of the main disadvantages of the piezoelectric comb and bending actuator designs is the 
low actuation force. An alternative piezoelectric device is a multilayer stack which is 
essentially a number of piezoelectric devices stacked on top of each other so that they all 
work together. These devices can exhibit high actuation forces up to 10,000N and can be 
manufactured to displace in a linear direction (APC International Ltd, 2016). However they 
do have low displacement capability and generally can displace 0.15% – 0.2% of the piezo 
stack height which would be unsuitable for the target application. 
A novel actuator design to increase the displacement potential of the multistack piezoelectric 
actuator was proposed by Yoon and Eyabi (2006). Their design incorporated a hydraulic 
displacement amplifier as shown in Figure 18. The design translated a small linear extension 
in the piezo stack into a much larger extension of the piston. An assessment of the technology 
against the technical specifications is shown in Table 6. 
 
Figure 18: Piezoelectric actuator with hydraulic amplifier Yoon and Eyabi (2006) 
Table 6: Assessment of piezoelectric multilayer stack actuators 
 
The final assessment score for piezoelectric multilayer stack actuators is not sufficient to 
warrant further research. 
Technical Requirement Relative 
Ranking






ECC 200 12 x 12 2D Data matrix 345 Medium 0 0
14mm x 14mm footprint 315 Weak -1 -315
Actuator array with 1 : 1.5 dot size to pitch ratio 315 Weak -1 -315
17Bar pressure 225 Strong 1 225
30Bar pressure (Wax Trees) 225 Strong 1 225
Compact actuation system 195 Weak -1 -195
Short response time (<10 seconds) 180 Strong 1 180
Orientation independent 135 Strong 1 135
Low number of parts for good reliability 90 Medium 0 0
Can be manufactured using standard processes 45 Medium 0 0




2.4.4. Shape Memory Alloy (SMA) 
Shape memory alloys are unique metallic material which can be deformed and then return to 
a pre-determined position by exposing it to a “pre-programmed” temperature change.  A heat 
treatment process is used to set the transformation during the manufacture of a component. 
The most common material is Nitinol which is a trade name based on the composition 
materials nickel (Ni) and titanium (Ti) and the group that discovered it Naval Ordnance 
Laboratory (NOL). Other shape memory effect (SME) alloys include aluminium-nickel, 
copper-zinc-aluminium, iron-manganese-silicon, nickel-titanium and gold-cadmium 
(Novotny and Kilpi, 2001). The following sections will outline the various configurations of 
existing SMA actuators. 
 
2.4.4.1. SMA spring actuator with bias spring  
A common configuration for an SMA actuator uses an SMA element and a bias element 
capable of restoring the SMA to its original form (Stoeckel and Waram, 1991a; Stoeckel and 
Waram, 1991b; Novotny and Kilpi, 2001; Nespoli et al., 2010; Ishii, 2011). Figure 19 shows 
a device with an SMA spring with a conventional spring steel bias spring. When the 
temperature of the device is elevated it causes the SMA spring to expand which compresses 
the bias spring and at the same time extends the actuator. As the device is cooled the bias 
spring will reset the SMA spring by compressing it back to its original state. 
 
Figure 19: Example of SMA actuator with bias spring (Ishii, 2011) 
A modification of the SMA actuator spring design was proposed by Matsunaga et al. (2013) 
in which the mechanical bias spring from the previous design in Figure 19 is eliminated by 
controlling which section of the SMA spring is heated. A cross section of the actuator 
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mechanism is shown in Figure 20. The mechanism is activated by passing an electric current 
through the lower half of the SMA coil between the bottom electrode and common electrode 
which causes it to heat and expand. The expansion of the spring allows the pin to be extended 
which can be latched in place using by means of a magnet. To retract the pin the current is 
switched off to the lower half of the coil allowing it to cool and a current is passed between 
the top electrode and the common electrode causing it to contract and simultaneously 
restoring the bottom section to it preheated position. An assessment of the technology against 
the technical specifications is shown in Table 7. 
 
Figure 20: Latching SMA spring actuator array design (Matsunaga et al., 2013) 
Table 7: Assessment of shape memory alloy actuators with bias spring 
 
The final assessment score for shape memory alloy actuators with bias spring is not sufficient 




Technical Requirement Relative 
Ranking






ECC 200 12 x 12 2D Data matrix 345 Strong 1 345
14mm x 14mm footprint 315 Medium 0 0
Actuator array with 1 : 1.5 dot size to pitch ratio 315 Strong 1 315
17Bar pressure 225 Weak -1 -225
30Bar pressure (Wax Trees) 225 Weak -1 -225
Compact actuation system 195 Medium 0 0
Short response time (<10 seconds) 180 Strong 1 180
Orientation independent 135 Strong 1 135
Low number of parts for good reliability 90 Weak -1 -90
Can be manufactured using standard processes 45 Weak -1 -45




2.4.4.2. Bistable thin film SMA actuators 
Vitushinsky et al. (2009) proposed the bistable thin film SMA actuator shown in Figure 21. 
The operating principle of this actuator is based on a buckled metallic foil which has two 
stable states, one which is raised and a second which is lowered. If the actuator is in one state 
it can only be switch to the second state by means of an external force. As the material is 
reactive to temperature by applying a heat source to the actuator either with direct heat or by 
means of an electrical current the actuator is able to switch from one state to another. 
Figure 21: Bistable SMA actuator (Vitushinsky et al., 2009) 
The actuator consists of two SMA materials, one a titanium-nickel-copper (Ti-Ni-Cu) alloy 
and the other a titanium-nickel-hafnium (Ti-Ni-Nf) which are sputtered onto a wavy 
molybdenum-niobium (Mo-Nb) substrate in the configuration shown in Figure 22. An 
assessment of the technology against the technical specifications is shown in Table 8. 
 
Figure 22: Bistable SMA actuator configuration (Vitushinsky et al., 2009) 
Table 8: Assessment of bi-stable thin film shape memory alloy actuators 
 
The final assessment score for bi-stable thin film shape memory alloy actuators is not 
sufficient to warrant further research. 
Technical Requirement Relative 
Ranking






ECC 200 12 x 12 2D Data matrix 345 Strong 1 345
14mm x 14mm footprint 315 Weak -1 -315
Actuator array with 1 : 1.5 dot size to pitch ratio 315 Medium 0 0
17Bar pressure 225 Weak -1 -225
30Bar pressure (Wax Trees) 225 Weak -1 -225
Compact actuation system 195 Weak -1 -195
Short response time (<10 seconds) 180 Strong 1 180
Orientation independent 135 Medium 0 0
Low number of parts for good reliability 90 Strong 1 90
Can be manufactured using standard processes 45 Weak -1 -45




2.4.4.3. Composable SMA actuator 
Torres-Jara et al. (2010) designed a small lightweight shape memory alloy actuator for 
producing linear actuation. It is activated by heating the SMA material by means of an 
electric current causing it to flex. 
 
Figure 23: Composable flexible small actuators built from thin shape memory alloy sheet Torres-Jara et 
al. (2010) 
A prototype device consisting of five sections connected by an SMA flat spring was 
fabricated by Torres-Jara et al. (2010). The actor measured approximately 17mm in length 
and had a mass of 5g. The actuator required a current of 1.5A at 4V (6W of power) to actuate 
and produced a force of 0.784N. An assessment of the technology against the technical 
specifications is shown in Table 9. 
Table 9: Assessment of composable shape memory alloy actuators 
 
The final assessment score for composable shape memory alloy actuators is not sufficient to 
warrant further research. 
 
Technical Requirement Relative 
Ranking






ECC 200 12 x 12 2D Data matrix 345 Strong 1 345
14mm x 14mm footprint 315 Weak -1 -315
Actuator array with 1 : 1.5 dot size to pitch ratio 315 Strong 1 315
17Bar pressure 225 Weak -1 -225
30Bar pressure (Wax Trees) 225 Weak -1 -225
Compact actuation system 195 Medium 0 0
Short response time (<10 seconds) 180 Strong 1 180
Orientation independent 135 Strong 1 135
Low number of parts for good reliability 90 Strong 1 90
Can be manufactured using standard processes 45 Medium 0 0




2.4.5. Servo Motors 
Wagner et al. (2004) proposed a pin array using servo motors as the actuation mechanism. 
The servo motors were a relatively simplistic but reliable solution for creating a high density 
array. The servo motor design shown in Figure 24 was also capable of delivering high 
actuation forces. However the size of the device developed was large for a 6x6 pin array, 
incorporating a design such as this into the target application would be difficult and 
cumbersome. An assessment of the technology against the technical specifications is shown 
in Table 10. 
 
Figure 24: Servo motor actuator array design (Wagner et al., 2004) 
 
 Table 10: Assessment of servo motor actuators 
 




Technical Requirement Relative 
Ranking






ECC 200 12 x 12 2D Data matrix 345 Strong 1 345
14mm x 14mm footprint 315 Weak -1 -315
Actuator array with 1 : 1.5 dot size to pitch ratio 315 Strong 1 315
17Bar pressure 225 Weak -1 -225
30Bar pressure (Wax Trees) 225 Weak -1 -225
Compact actuation system 195 Weak -1 -195
Short response time (<10 seconds) 180 Strong 1 180
Orientation independent 135 Strong 1 135
Low number of parts for good reliability 90 Medium 0 0
Can be manufactured using standard processes 45 Weak -1 -45




2.4.6. Bi-Stable Electromagnetic Actuator 
The bi-stable electromagnetic actuator is based on a principle of a moving permanent magnet 
mounted on a central shaft which slides between two electromagnets. A cross section 
schematic of an actuator and a device from Cedrat Technologies is shown in Figure 25. The 
shaft can rest in both positions with holding forces between 0.1N and 50N possible 
depending on the unit. An assessment of the technology against the technical specifications is 
shown in Table 11. 
    
Figure 25: Cross-section of bi-stable magnetic actuator (Cedrat, 2009) 
Table 11: Assessment of bi-stable electromagnetic actuators 
 





Technical Requirement Relative 
Ranking






ECC 200 12 x 12 2D Data matrix 345 Strong 1 345
14mm x 14mm footprint 315 Weak -1 -315
Actuator array with 1 : 1.5 dot size to pitch ratio 315 Medium 0 0
17Bar pressure 225 Weak -1 -225
30Bar pressure (Wax Trees) 225 Weak -1 -225
Compact actuation system 195 Medium 0 0
Short response time (<10 seconds) 180 Strong 1 180
Orientation independent 135 Strong 1 135
Low number of parts for good reliability 90 Strong 1 90
Can be manufactured using standard processes 45 Strong 1 45




2.4.7. Phase Change Actuators 
The concept of using phase change materials as a means to do mechanical work was 
pioneered and documented by Vernet (1938) in his patent  US 2,115,501. He described how a 
diaphragm with a piston is deflected using a phase change material. The patent was for a 
thermostat which could be used to control the flow of cooling water in a car. The water would 
cause the phase change material to melt or solidify depending on its temperature.  The most 
common phase change material (PCM) is paraffin wax and is commonly used in actuators. 
These devices exploit the volume expansion of paraffin wax during a phase change from 
solid to liquid. Paraffin wax expands by approximately 10 - 15% during the solid-liquid 
phase transition (Templin, 1956; Tibbitts, 1988; Klintberg et al., 2002; Lee and Lucyszyn, 
2005a; Lee and Lucyszyn, 2005b; Lee and Lucyszyn, 2006; Boden et al., 2008; Lehto et al., 
2008; Mehling and Cabeza, 2008; Aluţei et al., 2011; Lazarou and Rotinat, 2013).  
There are numerous designs of paraffin wax actuators but in its simplest form it consists of a 
cylinder of paraffin wax, sealed at one end and a piston which is free to move sealing the 
other end. The phase change can be induced thermally, electrically or ultrasonically and the 
resulting volume expansion causes the piston to extend. When the paraffin cools it contracts 
and the piston retracts. A miniature wax actuator manufactured by Boden (2008) along with a 
cross sectional schematic is shown in Figure 26. An assessment of the technology against the 
technical specifications is shown in Table 12. 
 
 





Table 12: Assessment of phase change actuators 
 
The final assessment score for phase change actuators is sufficient to warrant further 
research. 
 
2.5. 2D Data matrix technology assessment summary 
The literature has shown a variety of possible methods for creating arrays of miniature 
actuators each with their own particular strengths and weaknesses. Each technology was 
scored in accordance with its ability to fulfil the required specifications of the prototype 
marking device as identified in the House of Quality. A summary of the scores and the 
ranking of each technology are shown in Table 13. 
Table 13: Summary assessment of 2D data matrix technologies 
 
The technology assessment indicated that phase change paraffin wax actuators are the most 
suitable (when compare to the other technologies) for the development of the prototype 
marking. Since the actuation mechanism of a wax actuator is its volume expansion from a 
Technical Requirement Relative 
Ranking






ECC 200 12 x 12 2D Data matrix 345 Strong 1 345
14mm x 14mm footprint 315 Medium 0 0
Actuator array with 1 : 1.5 dot size to pitch ratio 315 Strong 1 315
17Bar pressure 225 Strong 1 225
30Bar pressure (Wax Trees) 225 Strong 1 225
Compact actuation system 195 Medium 0 0
Short response time (<10 seconds) 180 Weak -1 -180
Orientation independent 135 Strong 1 135
Low number of parts for good reliability 90 Strong 1 90
Can be manufactured using standard processes 45 Medium 0 0
Low number of parts for ease of assembly 45 Strong 1 45
TOTAL 1200
Technology Score Rank
Wax actuators 1200 1
Lockable pin arrays using low melting point alloys 900 2
Microsolenoid 375 3
Shape memory alloy spring actuator with bias spring 345 4
Composable shape memory alloy actuator 255 5
Piezoelectric comb acutators 165 6
Bi-stable electromagnetic actuators 75 7
Piezoelectric bending actuators -30 8
Piezoelectric multistack actuator -60 9
Servo motor actuator -75 10
Bi-stable thin film shape memory alloy actuator -390 11
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phase change the technology is ideal for scaling down for small devices while maintaining it 
high force capabilities. This is a significant advantage of this type of actuator over other 
technologies. Another major advantage for the wax actuator is the incompressible nature of 
the liquid paraffin when in its expanded state. This will give the actuators in the marking 
device the ability to withstand the injection pressures they are exposed to. 
 
2.6. In-depth review of wax actuators 
The selection process concluded that a wax actuator would be the most suitable technology 
for fabricating a prototype marking device. In this section a wide range of wax actuator 
configurations will be investigate. The actuators will be broken into two broad categories: 
1. Piston cylinder wax actuators  
2. Flexible membrane wax actuators (actuators that are sealed using a flexible membrane 
which moves due to the volumetric expansion of the wax during the solid to liquid 
phase change) 
 
2.7. Piston cylinder wax actuators 
In his patent title ‘Sealing means’ Vernet (1945) provide a cross section of a number of piston 
cylinder design thermostatic values. Figure 27 shows one of his designs. It features a phase 
change material that exerts force on a sealing plug when it expands in response to an 
elevation in ambient temperature. The sealing plug in turn pushes a piston which is extended 
from the top of the device. The design of this device is one of the simplest forms of a piston 
cylinder wax actuator. 
 







While Vernet’s device used the ambient temperature to effect the phase change Sherwood 
(1957) design a wax actuator which uses an electrical heating element. By varying the 
electrical current it was possible to control the temperature of the heating element and by 
extension the phase state of the wax. 
There are a number of examples of thermal actuators based on the design concept patented by 
Vernet. Figure 28 shows a cross section of a wax pellet actuator commonly found in 
thermostatic valves. Some of these actuators are capable of 1cm of extension and can produce 
120N of force. As the temperature increases the paraffin wax changes from a solid to a liquid 
which compresses the rubber boot. This in turn causes the piston rod to extend. As the wax 
cools the piston retracts. These are highly reliable devices with some capable of over 50,000 
cycles in harsh environments (Tibbitts, 1988). 
 
Figure 28: Wax pellet actuator (Tibbitts, 1988) 
The company Vernet manufacture a range of thermal actuators which are very similar to the 
first one patented by Vernet (1938). A cross section of one of their actuators is shown in 
Figure 29. 
 
Figure 29: Vernatherm wax actuator from Vernet (Vernet, 2019) 
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There products range from light duty devices which can generate approximately 45N with a 
stroke of as little as 0.127mm up to heavy duty ones capable of approximately 450N with a 
stroke of almost 13mm. 
An electrically controlled design was proposed by Kabei et al. (1997). The researchers 
designed a standard piston cylinder wax actuator but also included an external Nichrome 
heating element that was wrapped around the cylinder body. Nichrome is a resistive material 
which will heat when an electrical current is passed through it. A cross section of the design 
in shown in Figure 30. 
 
Figure 30: Paraffin wax actuator with external Nichrome heating element 
The internal diameter of the wax actuator was 1.3mm and the length of the paraffin chamber 
was 73mm. The actuator generated a force of 20N/mm
2
. 
As previously mentioned the actuation mechanism of wax actuators is ideal technology for 
scaling down to microdevices. This was exploited by De Volder et al. (2009) who used 
lithography to prototype small scale piston cylinder devices. In the design shown in Figure 31 




Figure 31: Small scale piston cylinder actuator fabricated by lithography De Volder et al. (2009) 
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One of the more challenging aspects of piston cylinder actuators is the fabrication of small 
components.  Boden has carried out extensive research in the field of wax microactuators, the 
components for one of the actuators along with the assembled unit are shown in Figure 32. 
 
Figure 32: Component for actively heated piston cylinder wax actuator (Boden, 2008) 
However even at the scale of the microactuator fabricated by Boden a device of this size 
would still be too large for a marking device contain a matrix of 12 x 12 actuators that 
required a pitch distance capable of adhering to ECC200 Data Matrix standards within a 
14mm x 14mm area. To achieve a smaller scale wax actuator it is necessary to explore 
different actuator formats and manufacturing techniques. The piston cylinder design actuators 
reviewed were manufactured to function as discrete units.  
Any actuator designed to function inside an injection mould will have to be capable of 
withstanding a unique set of conditions. Apart from the high pressures and elevated 
temperatures it will also need to seal against wax ingress from the injection process. This 
would be difficult to achieve on 144 actuators in a close packed array with a piston cylinder 
design. The manufacturing tolerances required on such small component would be extremely 
challenging. 
 
2.8. Flexible Membrane wax actuators 
In comparison to piston cylinder design wax actuators the flexible membrane offers a number 
of advantages, the most significant of which is the elimination of the piston. In general a 
flexible membrane wax actuator has a cavity for the wax which is open at one end. This end 
is then sealed using a flexible membrane of some kind. When the device is heated and the 
wax changes phase it pushes on the membrane and extends it. The literature review identified 
a number of different design variations including: 
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1. Viton membrane wax actuators 
2. Parylene C membrane wax actuators 
3. Polydimethysiloxane (PDMS) composite paraffin wax actuators 
4. PDMS membrane wax actuators 
 
2.8.1. Viton Membrane wax actuators 
Sharma et al. (2010) fabricated a device which uses a Viton
TM
  membrane to seal the wax 
chamber. Viton
TM
 is a trade name of the Chemours Company and is flouroelastomer. Like 
most other elastomers of this nature Viton
TM
 shows good chemical resistance to most 
materials including hydrocarbons such as paraffin wax. It also has a high tensile strength up 
to 11MPa which makes give it desirable attributes for a wax actuator membrane. A cross 
section of the microactuator fabricated by Sharma et al. (2010) is shown in Figure 33. 
 
Figure 33: A cross sectional sketch of the paraffin actuator with Viton
TM
 membrane (Sharma et al., 2010) 
The fabrication process for the device is shown in Figure 34. The design comprises of two 
steel stencils each with a 2mm diameter hole. In between the two stencils was a layer of 
0.2mm thick Viton
TM
 sheet. The Viton sheet was then formed into the correct shape using a 
PDMS mould and cured. The cavity was filled with paraffin wax and the excess material was 
scraped off, a polyamide insulate copper heating element was inserted into the cavity and a 
final layer of stainless steel was bonded to seal the actuator. The final dimensions of the 




Figure 34: Fabrication process for Viton
TM
 membrane wax actuator (Sharma et al., 2010) 
Testing of the Viton
TM
 membrane actuators shows that it is capable of achieving a large 
expansion as shown in Figure 35. The original height of the actuator was 0.5mm and the 
extension achieve is approximately 0.8mm. 
 
Figure 35: Expanded Viton
TM
 membrane actuator (Sharma et al., 2010) 
This type of wax actuator does have some potential advantages in the target application. The 
low permeability to hydrocarbons is a distinct advantage of the Viton
TM
 material. However 
the fabrication method used by Sharma et al. (2010) would be difficult to adapt for 
fabricating a device at the specification required and for that reason no further investigation 
will be carried out on Viton
TM
 membrane actuators. 
 
2.8.2. Parylene C membrane wax actuators 
An alternative membrane material was suggested by Carlen and Mastrangelo (1999) for the 
fabrication of a wax actuator using a Parylene C coating. A cross section of the design is 
shown in Figure 36. Parylene C is a conformal coating which can polymerised onto the 
surface of a product using a chemical vapour deposition (CVD) process. It has the ability to 




- Chemical inertness  - it is currently used extensive for coating medical device 
designed for implantation into the human body e.g. pacemakers 
- Easy to apply – the part to be coated is placed in a vacuum chamber and is 
engulfed in the Parylene C which polymerises on the any exposed surface 
- Flexible – Parylene C has a 200% elongation at break 
 
Figure 36: Cross section of wax actuator with Parylene C membrane (Carlen and Mastrangelo, 1999) 
It is not clear from the literature if a Parylene C membrane will offer any significant 
performance advantages over a different material. However the material does look attractive 
from a device fabrication perspective. Testing would be required to determine the potential 
advantages of using Parylene C membrane.  
 
2.8.3. Polydimethysiloxane (PDMS) composite paraffin wax actuators 
Dubois et al. (2006) proposed a novel wax actuator design were small particles of solid 
paraffin wax were mixed with PDMS. PDMS is a self-levelling flowable Room Temperature 
Vulcanising (RTV) adhesive sealant. The Dow Corning Corporation manufacture a PDMS 
called Dow 734 which has been used by a number of researchers in the literature. The wax 
mixture is inserted into a chamber containing a heater system and allowed to cure. A silicon 
layer with a PDMS membrane was bonded to the glass to seal in the composite material. A 
cross section of the design is shown in Figure 37. 
 
Figure 37: Cross section of composite PDMS paraffin wax actuator (Dubois et al., 2006) 
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The primary advantage of this design is the possibility to fill the wax cavity with the paraffin 
in a solid phase. Most other actuator designs require the cavities to be filled while the wax is 
in a liquid phase and its volume is approximately 10 - 15% greater than the volume of the 
actuator. In a review paper of miniaturised paraffin phase change actuators Ogden et al. 
(2013) stated that: 
“paraffin deposition is one of the main fabrication issues that needs to be addressed”. 
 A number of methods have been used by other researchers including filling the cavity 
allowing the wax to cool and contract followed by topping up the wax volume a second time 
(Lee and Lucyszyn, 2005b). Others use a thermal evaporation process (Carlen and 
Mastrangelo, 1999; Carlen and Mastrangelo, 2002). Some researchers designed their devices 
so that they could be overfilled creating a reservoir of liquid paraffin which could collapse 
into the actuator during solidification. Once completely solid the excess wax could be 
removed mechanically followed by solvent cleaning of the surrounding area (Klintberg et al., 
2003). None of these methods would appear to be appropriate for a device with small 
diameter, deep actuators at a small pitch distance.  
Dubois et al. (2006) composite PDMS wax design may overcome the filling issue described. 
However, this actuator design will most likely need to be bigger to achieve the same 
extension as other designs since some of the wax volume in the actuator chamber is displaced 
with the PDMS. Nonetheless it is an interesting concept and one which should be tested as a 
potential solution for fabricating the prototype device. 
 
2.8.4. PDMS membrane wax actuators 
Sant et al. (2010) and Lee and Lucyszyn (2005b) used a layer of PDMS applied to the top 
surface of a microactuator array to seal the wax cavities. PDMS has been used extensively in 
this manner in the fields of microactuators, mircopumps and microvalves. 
Microactuators of this type can be separated into two distinct design formats based on the 
heating system for melting the paraffin wax. The first uses a carbon doped paraffin wax 
which contains carbon black or graphite particles; this is sometimes referred to as a ‘self-




2.8.4.1. PDMS membrane actuator with self-heating mechanism 
Goldschmidtböing et al. (2008) proposed blending carbon black nano-powder with paraffin 
wax to increase its thermal conductivity and create what was termed a ‘self-heating’ 
microactuator. The researchers claimed that the addition of between 2% - 4% of 30nm carbon 
black was sufficient to make the paraffin wax electrically conductive. When an electrical 
current is passed through the carbon black particles their temperature will increase due to 
resistive heating which will in turn melt the wax causing it to expand and extend the actuator. 
It was envisaged that the addition of the carbon black would make the heating system integral 
to the wax thereby reducing response time and increasing thermal transfer throughout the 
entire wax volume. A schematic of the actuator is shown in Figure 38. 
 
Figure 38: Paraffin-carbon black blend wax mircoactuator (Goldschmidtböing et al., 2008) 
Testing carried out by the authors successfully demonstrated the concept of the paraffin-
carbon black actuator. No detail was provided on the actuation height achieved by the device 
but it was stated that “the volume expansion of the paraffin is virtually completely converted 
into actuator deflection”. 
Vedel-Smith and Lenau (2012) designed a 5x5 matrix of actuators which contained a blend of 
paraffin wax and graphite powder instead of carbon black. A cross section of the design is 
shown in Figure 39. 
 











The researchers blended five samples of Sasol 4608 paraffin wax with varying quantities of 
graphite powder used for pigmentation. The graphite added ranged from 38.27 weight percent 
to 60.85 weight percent. The two materials were heated in a water bath at 100°C and 
combined by stirring. The testing of the fabricated actuator clearly shows that there are issues 
with regard to the electrical stability of the paraffin graphite blend material. Vedel-Smith and 
Lenau (2012) stated that with the 38.27 weight percentage graphite and paraffin blend there 
was a 68.13% fluctuation in wax resistance readings across ten readings taken on the same 
sample of material. The most consistent result was obtained using a 60.85 weight percentage 
which resulted in a 25.86% fluctuation in resistance. This was an average of 232Ω/m with a 
fluctuation of 60Ω/m. 
Sant et al. (2010) also attempted to create a paraffin-graphite blended microactuator as shown 
in Figure 40. The authors stated that there was little known about this type of actuator with 
regard to power usage, actuation time and long-term repeatability and reliability.  
 
Figure 40: Paraffin-graphite blend wax actuator using PDMS membrane (Sant et al., 2010) 
Testing by Sant et al. (2010) found that the design was inefficient in terms of power usage 
with testing showing that the device required 0.4-0.5W to actuate depending on the 
percentage of graphite in the paraffin wax. They authors highlighted the potential volatility of 
the design reporting a “high variation in reaction times” for blends containing 60% graphite. 
They speculated that the reason for this is an inconsistency in the distribution graphite 
particles in the phase change material. 
All three actuator devices describe in the research were able to function as designed. The 
design by Sant et al. (2010) was very compact and contained a close packed array of 
actuators 1.6mm in diameter which were completely fabricated in a printed circuit board. The 
researchers had designed this device for a braille application which dictated the actuator 
diameter and pitch distance. However by exploiting existing PCB manufacturing process it 
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should be possible to further miniaturise this design to be compatible with the specifications 
of the ECC200 2D Data Matrix standard.  
While the researchers did fabricate functional ‘self-heating’ actuators they failed to 
adequately address the long term stability of the design. Possible issues were alluded to by 
Sant et al. (2010) and Vedel-Smith and Lenau (2012) who state that: 
“segregation of the graphite and paraffin may pose a problem  
especially for larger volumes and over time”. 
 
2.8.4.2. Stability of carbon black or graphite doped paraffin wax actuator 
To successfully fabricate a carbon black or graphite doped wax actuator one is required to 
create a wax blend which forms a stable colloidal dispersion over repeated phase change 
cycles. A colloidal dispersion is a two part material; one component is a liquid or suspending 
medium and the other solid particles which need to be dispersed. The particles are generally 
referred to as a colloid if they are too small to be easily observed using an optical microscope. 
Common examples of colloidal dispersion include paints and inks (Mewis and Wagner, 
2012). 
With regard to the graphite used by the researchers no information on the particle size used 
was disclosed. One paper referred to using graphite used for pigmentation and the other a 
lubricant. Powders used for pigmentation are typically colloids in the submicron range 
(Tadros, 2011). The carbon black used was a 30nm particle size. Nanoparticle materials can 
have interesting and unique electrical and chemical properties when compared to their bulk 
material but they also have a strong tendency to agglomerate due to the Van der Waals forces 
between them which can greatly impact on their properties (Xiaoliang Deng et al., 2016; 
Kruis et al., 1998; Schmid, 2010).  The term agglomerate is used to describe the phenomenon 
of a multiple of particles clustering together (Gary Nichols et al., 2002). When two particles 
agglomerate they need to be separated by applying shear forces to break them apart 
(nanoComposix, 2020). If there is no mechanism to prevent agglomeration the aggregated 
particle will continue to grow in size and will eventually settle out of liquid phase (Concha, 
2014). This raises serious concerns about the preparation method used by Vedel-Smith and 
Lenau (2012) who stated that they doped the paraffin wax by stirring in graphite powder 
while it was in a liquid phase. If no other method to blend the paraffin was used then stirring 
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alone would lack the energy required to overcome the Van der Waals forces and the particles 
will agglomerate. 
Pingot et al. (2011) determined that carbon blacks have a high tendency to agglomerate in 
liquid paraffin. However the addition of dispersing agents can help reduce this. In the 
production of carbon inks it is necessary to use natural waxes to impart a degree of 
dispersion, an example of one such wax is candelilla (Sugarman, 1947). Saydam and Duan 
(2018) conducted a set of systematic experiments to investigate the stability of various types 
of nanoparticles in paraffin wax when it is subjected to repeated phase change cycles. The 
researchers concluded that it may not be possible to achieve long term stability of 
nanoparticles in paraffin wax. They stated that in their opinion the fundamental reason was 
related to the fact that liquid paraffin wax is nonpolar and the carbon particles have polar 
molecules which will tend to agglomerate until they grow large enough to settle out.  
The wax blends reviewed in Section 2.8.4.1 do not have any dispersing agents nor natural 
waxes added resulting in the liquid paraffin remaining a nonpolar liquid, therefore it is highly 
likely that the carbon particles will agglomerate and settle. This raises concerns about the use 
of carbon doped wax to fabricate a ‘self-heating’ wax microactuator. Failure to achieve a 
stable dispersion will ultimately result in the failure of the actuator due to settlement of the 
carbon particles. While this type of actuator presents a very attractive prospect the realisation 
of such a device may not be as simple as depicted in the research. Prior to any further 
development work with this type of actuator a simple test to confirm the findings of Saydam 
and Duan (2018) should be conducted. 
 
2.8.4.3. PDMS membrane actuators with electrical heating elements 
Lee and Lucyszyn (2005b) proposed a micromachined wax actuator for the purpose of 
creating a compact refreshable braille cell. The device design consisted of a resistive heater 
printed onto a glass substrate, bonded to two more layers of glass containing paraffin wax 
reservoirs. A layer of polydimethylsiloxane (PDMS) was applied to the top surface to seal the 




Figure 41: Design concept for micromachined refreshable braille cell (Lee and Lucyszyn, 2005b) 
The device functioned through the use of Joule heating provided by the heaters to melt the 
paraffin wax. It has a number of design merits in particular the wax chambers which have a 
top section which is the same diameter as the required dot size bonded to a lower layer with a 
larger wax cavity. This design acts as a motion amplifier increasing the extension of the 
actuators, minimising the overall device height while maximising heat transfer to the wax. 
The device is inefficient from a power usage perspective; this is primarily due to the low 
electrical resistance of the gold heaters at only 166.8Ω. A meandering track with a very thin 
cross-section (300nm thick by 40µm wide) was printed as shown in Figure 42. In order to 
generate sufficient heat to melt the wax using such a low resistance heater a high current was 





Figure 42: Resistive meandering track heater (Lee and Lucyszyn, 2005b) 
 
The meandering track design will also result in a suboptimal response time from the actuator. 
A typical paraffin will have a thermal conductivity of 0.2 to 0.4W/mK in the solid state 
(Mehling and Cabeza, 2008), reducing to 0.15W/mK in the liquid state (Malik et al., 2012). 
This design relies on heat transfer through the wax to achieve a full phase transition. As the 
wax melts near the heater the thermal conductivity drops and will slow down the phase 
transition. 
Lee and Lucyszyn (2005b) also reported an issue with inconsistent wax volumes in the 
different wax containers due to entrapped air bubbles. This was attributed to a “crude method 
of assembly and not a limiting factor in this technology”. According to the Sasol (a paraffin 
wax manufacturer), paraffin waxes will contain entrapped gases, as the wax melts and 
solidifies the gas is released. It is their recommendation that waxes should be degassed prior 
to use. If the gases are not removed prior to filling the performance of any actuator will be 
compromised due to the compressible nature of the gases. 
The dot size and pitch distance of the design is too large for creating an ECC200 2D Data 
Matrix, however it was design for a braille application so it should be possible to further 
reduce the footprint. The design is simplistic and reliable and warrants further investigation to 





2.9. Literature review summary 
 
The literature review examined a range of current methods of creating traceability marks on 
cast and injection moulded component. Currently there is no suitable technology or method 
for creating unique device identifiers on wax investments during the injection moulding 
process.  
End user requirements for a wax investment marking device that can be integrated into a 
mould were established. Using a House of Quality these were translated into a set of technical 
specifications which could be used to assess a wide range of technologies. The assessment 
process concluded that an in-depth review of wax actuators should be carried out as a basis 
for designing the marking device. Paraffin wax phase change actuators are simple, reliable 
and offer high power to size ratio. 
The literature revealed some paraffin wax actuator designs which need further investigation 
to determine if the operating principles could be adapted for use in the prototype marking 
device. One such design by Sant et al. (2010) used PCB manufacturing technology to 
fabricate a prototype. The final design was a compact array of actuators but the diameter and 
pitch distance between actuators were too large to comply with an ECC200 2D Data Matrix 
Code standard. However, this should be examined further to ascertain if it is possible to scale 
down to the required size. 
Another concept requiring further investigation is the concept of a carbon doped paraffin wax 
actuator. In the literature this was referred to as having a “self-heating” mechanism since the 
heater and wax were mixed together and there was no separate heating element. This type of 
actuator was shown to work but concerns were raised of its long term viability. There was no 
testing completed by any author to determine if this was a problem or not. This design looks 
to have potential but further testing will need to be conducted 
However, while there may be some operating principle of interest, none of the actuator 
designs in the literature are immediately suitable for the current research. There are a number 
of knowledge gaps which need to be addressed in order to manufacture a prototype marking 
device, these are: 
1. A small scale wax actuator will need to be developed, no device in the literature can 
be used as described to manufacture a 12x12 array which would comply with the 
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ECC200 2D Data Matrix Code standards and satisfy the technical requirement of 
14mm x 14mm in size 
2. Traditionally paraffin wax actuators are known to have a slow response time 
(Tremblay et al., 2012). An efficient low power heating system is required to achieve 
fast phase transition and actuator activation. 
3. A robust method of filling wax actuator arrays has not been developed. This had been 
previously cited by Ogden et al. (2013) in a review paper of wax actuator 
technologies when it was stated: 
“Paraffin deposition is one of the main fabrication 






Design Thinking is an iterative prototyping technique used in product development. It is a 
common methodology used to transform novel ideas into a physical form for evaluation 
(Christer W. Elverum et al., 2016). Prototypes can take different forms which may be 
physical or analytical. Analytical prototypes are typically computer based simulations and 
can provide a good method for analysing a device whereas physical prototypes are an 
effective tool for visualising new ideas, developing a proof of concept and testing different 
technologies (Ulrich and Eppinger, 2012). 
By fabricating prototypes of varying degrees of complexity it was possible to quickly develop 
devices that could be used to test the operating principles of different technologies (Elverum 
and Welo, 2015). Having the ability to quickly and cost effectively produce physical 
prototype made it possible to investigate a wide array of design concepts. The concept of 
producing prototypes of varying fidelity to investigate particular aspects of a design has been 
suggested by a number of researchers including Wall et al. (1992), Thomke (1998), Bohn and 
Lapre (2010) and Kumar et al. (2020).  
Thomke (1998) proposed a prototyping methodology that followed a Design, Build, Run, 
Analyse iterative loop as shown in Figure 43.  
 
Figure 43: Iterative prototype design approach to product development (Thomke, 1998) 
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To develop the final prototype marking device the researcher iterated through three 
experimental phases each of which followed Thomke’s methodology. Each of them resulted 
in one or a number of prototypes being fabricated and tested. Prototype testing, the results 
obtained and the analysis of the outcomes were completed in each phase prior to the next 
phase commencing. This process informed the researcher what the requirements were for the 
next prototype development. 
The phase change actuator was identified in Section 2.4.7 as the most suitable technology for 
the development of the marking device. In Experimental Phase 1 a large scale piston cylinder 
design wax actuator was fabricated as a proof of concept for the phase change technology. 
Other wax actuator designs of interest which were identified in the literature review in 
Section 2.8.3 and Section 2.8.4.1 were also explored. This phase severed to highlight the 
deficiencies in the current research from which a number of knowledge gaps could be 
established. Experimental Phase 1 showed that: 
1. The actuator designs investigated from the literature were not feasible for creating a  
close packed array that would comply with the ECC200 2D Data Matrix standard 
2. A new heater system needed to be developed capable of fulfilling the technical 
specifications defined in Section 2.3 
3. A suitable method of completely filling the actuator cavities with wax was required 
4. A method of degassing the wax to prevent outgassing during operation was necessary 
 
In Experimental Phase 2 a PCB based heater array was designed. A completed functional 
prototype device was fabricated by attaching a separate array of wax actuators to the PCB. 
Research was also completed on selecting the most suitable membrane material from those 
identified in the literature review in Section 2.8.2 and Section 2.8.4. Testing of the prototype 
revealed a number of performance issues which would need to be address in a second 
iteration of the design. The next phase would need to: 
1. Optimise the design of the PCB to integrate the heater system and the wax actuator 
array 
2. Optimise the heater design and performance 




A new design PCB was manufactured for Experimental Phase 3 which integrated the heater 
system and the wax actuator array. Heaters of various design formats and materials were 
prototyped to increase the performance of the heater array. Work was completed on the 
manufacturing process for the prototype device to develop methods for filling the wax 
actuators and applying a PDMS membrane to the top surface. 
Using the knowledge gained through the research completed in the three experimental phases 
a final prototype was fabricated that integrated a heater and wax actuator array. A new design 
of wax actuator heater developed in Experimental Phase 3 provided the performance required 
for a functional prototype. The fabrication of the device was accomplished through the use of 
the processes developed for filling the wax actuators and applying the PDMS membrane.  
The completed prototype was electrically tested to determine the resistance of the heater after 
which it was connected to a control system developed by a fellow researcher. Offline testing 
of the device demonstrated the devices’ capability to form simple dot patterns which could be 
used as a basis for the creation of unique identifiers. This was followed by application testing 





4. Experimental Phase 1 
The initial prototypes were used to investigate some of the wax actuator technologies detailed 
in the literature. The prototypes involved testing the operating principle of each one with a 
view to determining if any existing technology could form a basis for the actuator array that 




Figure 44: Development method for investigating current literature 
The experimental work conducted in Section 4.1 demonstrates the principle of utilising the 
volume expansion of paraffin wax during a solid to liquid phase transition to power a linear 
actuator. The challenge for this research is to use this technology to create a microactuator 
capable of fulfilling the technical specifications outlined in Section 2.3. None of the methods 
tested from the literature were successful in achieving this, Sections 4.2 to 4.4 will outline 
why. 
Large scale paraffin wax 
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4.1. Experimental Phase 1 large scale paraffin wax actuator 
When paraffin wax is heated to its melting range it will undergo a 10% to 15% increase in 
volume (Ogden et al., 2013; Carlen and Mastrangelo, 2002; Goldschmidtböing et al., 2008; 
Lee and Lucyszyn, 2005b) as it changes phase from solid to liquid. The volume expansion 
can be translated into linear motion using an actuator. The purpose of fabricating and testing 
the large scale actuator was to demonstrate this principle. 
 
4.1.1. Large scale paraffin wax actuator – Design 
The large scale paraffin wax actuator consisted of a simplistic piston cylinder design. The 
actuator uses a heating element to melt the paraffin made from Kanthal D which is a high 
resistivity ferritic iron-chromium-aluminium alloy. A schematic of the cylinder used is shown 
in Figure 45. 
 
Figure 45: Schematic of large scale paraffin wax actuator 
 
4.1.2. Large scale paraffin wax actuator – Build 
The actuator was fabricated from nylon 66 as shown in Figure 46. The actuator was fitted 
with a heating element made from 0.5mm diameter Kanthal D wire, with an electrical 












to 1.4mm diameter copper wire contacts. The large copper wire diameter was to minimise the 
heating effect of the electrical connections during operation. The rear of the actuator was 
sealed with an epoxy resin.  
 
Figure 46: Large scale paraffin wax actuator 
 
4.1.3. Large scale paraffin wax actuator – Run 
The actuator was powered using an EL302RD variable power supply from AIM TTi 
Instruments at a voltage of 5.21V and a current of 1.182A. The recorded extension of the 
actuator was 2.67mm. Figure 47 shows the wax actuator before testing and after it has been 
extended. 
 





4.1.4. Large scale paraffin wax actuator – Analyse 
The cylinder extended by approximately 2.67mm against and expected extension of between 
3.3mm to 4.9mm. While the actuator did not extend by the expected amount it did 
successfully demonstrate the operating principle of the wax actuator. 
However, the testing did reveal a number of challenges that will need to be overcome 
throughout the course of the research: 
1. It was difficult to fill the actuator and to insert the piston without creating a void in 
the actuator cylinder. This has likely contributed to the lower than expected extension 
of the actuator. This issue was highlighted in the literature by Ogden et al. (2013) in 
relation to wax actuator fabrication. He stated “Paraffin deposition is one of the main 
fabrication issues that needs to be addressed” 
2. After activating the actuator a number of times the wax contained a number of voids. 
Paraffin wax can contain gasses in solution which will degas with the application of 
heat, if the gas forms bubbles in the wax it will lead to it being compressible under 
load. A method for degassing the wax prior to sealing inside the wax actuator will 
need to be developed 
With a successful demonstration of the wax actuator technology the Sections 4.2 to 4.4 will 
examine three variants of actuator identified in the literature review. The prototyping in the 
remainder of Experimental Phase 1 will determine if any of these variants can contribute to 
the development of a prototype marking device. 
 
4.2. Experimental Phase 1 paraffin wax actuator with resistive metal element and 
mechanical pin array 
Section 4.1.3 successfully demonstrated a piston cylinder phase change actuator. The 
following sections will explore the feasibility of miniaturising this technology so that it can 
be used to create a close packed 12 x 12 actuator array. If this is successful the design will be 




4.2.1. Paraffin wax with resistive metal element and pin array- Design 
This design concept consisted of an actuator block housing and array of metal pins. Each pin 
seals a chamber containing a heating element and paraffin wax. When activated the heating 
element can elevate the temperature of the wax to its melting range. The subsequent solid to 
liquid phase change causes a volume expansion which in turn can be used to extend a pin. A 
cross section of one of the wax actuators is shown in Figure 48. 
 
Figure 48: Cross section of resistive metal element wax actuator 
4.2.2. Paraffin wax with resistive metal element and pin array- Build 
For ease of manufacture and to test the principle a large scale actuator block was 
manufactured from PEEK along with a number of stainless steel pins as shown in Figure 49. 
The PEEK block measured 60mm x63mm 35mm and the pin diameter was ~3.8mm. 
 
Figure 49: Pin array actuator block 
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The heating elements were manufactured from a length of Kanthal D wire spot welded to two 
copper wires as shown in Figure 50. 
 
Figure 50: Kanthal D heating elements 
 
4.2.3. Paraffin wax with resistive metal element and pin array- Analyse 
This prototype was intentionally machine at a size which was larger than the final device 
required so that it could be assembled easily. However this did not prove to be the case. The 
manufacture and assembly of the prototype was challenging for a number of reasons: 
1. The heating elements were difficult to manufacture, producing these at the scale and 
quantity required for a completed marking device would be impractical 
2. The tight tolerances required for the fabrication of the pin array were difficult to 
achieve during manufacturing. Manufacturing an array to allow movement of the pins 
while sealing the mechanism against injection wax contamination would be difficult if 
not impossible in the final prototype. An alternative method of sealing the wax 
actuators from the pattern wax must be developed. Other researchers have used 
elastomeric membrane to perform this function. Testing on this will be outlined 
further in Sections 5.2.1 to 5.2.3. 
While it would certainly be possible to machine components at a smaller scale to reduce the 
size of the device it was evident from the work completed that this would not be practical. 
Using a predominantly mechanical design would most likely result in device which is 
cumbersome, difficult to manufacture and assemble. 
 
Copper Leads Nichrome wire element
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4.2.4. Paraffin wax with resistive metal element and pin array- Conclusions 
The prototype device indicated that a mechanical pin array will not be suitable for the 
marking device and alternative solution should be pursued. It was the view of the researcher 
that the manufacturing difficulties encountered at this stage made this technology unfeasible 
and unsuitable for further research. Potential solutions being considered for future prototypes 
should include an elastomeric membrane similar to that used by other researchers so that the 
mechanical pins can be eliminated.  
 
4.3. Experimental phase 1 PDMS and paraffin wax composite 
This prototype was based on the design suggested by Dubois et al. (2006). The concept 
consists of mixing small particles of paraffin wax with PDMS, inserting it in an actuator 
chamber and allowing it to cure. This was then covered with a layer of PDMS to seal in any 
exposed paraffin wax. When the actuator is heated the paraffin will melt and cause the cured 
mixture to expand. Since the mixture is contained in an actuator chamber the direction of the 
expansion can be control.  
 
4.3.1. PDMS and paraffin wax composite - Design 
A large scale prototype was designed with an array of 3x3 actuators each with a diameter of 
6mm and a height of 15mm. 
 
Figure 51: Large scale copper actuator block 
For test purposes the actuator block was to be manufactured from copper so the actuator 
could be heated directly on a hotplate if required rather than having the complication of 
including a heating system. 
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4.3.2. PDMS and paraffin wax composite - Build 
Paraffin wax was refrigerated (in order to make it brittle), crushed and mixed with PDMS in a 
1:1 ratio by volume as per the prototype fabricated by Dubois et al. (2006). The mixture was 
place inside one actuator in the block and allowed to cure. Once cured the actuator block was 
covered with a thin layer of PDMS to protect against any possible wax leakage. 
 
4.3.3. PDMS and paraffin wax composite - Run 
A typical paraffin wax actuator should achieve a linear expansion of approximately 10% of 
the height of the actuator, this would equate to 1.5mm for the prototype manufactured. In this 
case the composite/paraffin wax actuator achieved an extension of less than 0.5mm.  
 
4.3.4. PDMS and paraffin wax composite - Analyse 
It can be observed from the testing that this type of actuator has a number of disadvantages 
when compared to other paraffin wax actuators: 
1. Since the paraffin wax is surrounded by PDMS it is allowed to expand in all 
directions and it is not completely focused in one direction as with other linear 
actuators, this will result in a smaller linear expansion for a given actuator length 
when compared to one completely filled with paraffin wax 
2. To achieve consistent expansion across a number of actuators, the particle size and 
distribution of the paraffin wax in the PDMS would need to be controlled. This will 
be difficult at a small scale required for a final prototype 
3. The actuation height achieve was significantly less than that of  a standard wax 
actuator of the same size and dimensions 
 
4.3.5. PDMS and paraffin wax composite - Conclusion 
Due to the limited linear expansion from the prototype actuator it was decided that this design 




4.4. Experimental phase 1 Carbon-doped paraffin wax 
As discussed in Section 2.8.4.1 Goldschmidtböing et al. (2008) proposed doping paraffin wax 
with conductive particles of nano carbon black. The paper proposed that the design would 
eliminate the need for fabricating a separate heating system and the carbon black particles 
will act as a heater once a current is passed through them. This is an appealing concept and 
could offer the basis or a very simple solution if successful.  
 
4.4.1. Carbon-doped paraffin wax - Design 
A  large scale prototype was designed using the same 3x3 array used in Section 4.3.1. To 
manufacture the prototype and insulating coating is used to line a portion of the copper 
actuator cyclinder. A small section at the top is left uncoated to form an electrical connection 
with the carbon black doped paraffin wax. When the actuator is active current will flow from 
the bottom electrical contact through the carbon black particles to the conductive section at 
the top of the actuator. As the current flows through the carbon black the temperature will 
increase due the resistive heating and in turn cause a solid to liquid phase change in the wax. 
A cross section of the proposed actuator is shown in Figure 52. 
 
Figure 52: Cross section of carbon black doped paraffin wax actuator 
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In Section 2.8.4.2 it was discussed that there may be an issue with the long term viability of 
carbon-doped wax actuators due to the carbon particles not staying suspended in the paraffin 
wax. Settlement of any kind even at a small scale would lead to a change in the performance 
characteristics of a carbon doped wax actuator. In the worst case scenario settlement of the 
carbon black may result in the electrical contact between the top and bottom connectors of an 
actuator being broken. 
Before the prototyped outlined in Figure 52 will be manufactured it is necessary to conduct 
some settlement tests to determine if there are any long term viability issues with the carbon 
black settling out of the paraffin wax. 
 
4.4.2. Carbon-doped paraffin wax – Run 
A carbon doped paraffin wax was prepared by mixing 240g of Sasol 4608 with 160g of Regal 
250R Carbon Black using a shear mixer for 20 minutes at 10,000 RPM. A sample of 10 
grammes was extracted to perform a cyclical heating test where it would be heated above its 
melting range of 46°C - 48°C, held for 2 minutes and allowed to cool. A time of two minutes 
was chosen as the cycle time for injection moulding a wax investment for a knee implant is 
90seconds (as per the current process used by a leading orthopaedic implant manufacturer). 
After 3 cycles a clear settling of the carbon black particles can be observed. The result of the 
test is shown in Figure 53. 
 
 
Figure 53: Carbon black settled out of suspension from paraffin wax 
60% Sasol 4608 wax 
and 40% Carbon Black 
(by wieght)




4.4.3. Carbon-doped paraffin wax – Analyse 
The settlement test clearly shows that a stable suspension of carbon black in paraffin wax was 
not achieved. There are a number of mechanisms by which this can be done, essentially one 
needs to create an environment where the carbon black particles are continually repelled by 
each other in order that they will not settle to the bottom of the actuator and thereby breaking 
the electrical connection with the top connector. The result obtain confirm the findings of 
Saydam and Duan (2018) who had stated that they did not think it was possible to achieve a 
long term suspension of carbon black nanoparticles in paraffin wax. This was due to the 
nonpolar nature of the wax and natural tendency of the nanoparticles to agglomerate and 
grow to a size where they could settle out of suspension. 
This is a complex material science problem which requires surface modification of the carbon 
black to create a stable colloidal suspension of carbon black particles in paraffin wax and is 
beyond the scope of this research. 
 
4.4.4. Carbon-doped paraffin wax – Conclusion 
Since it was not possible to create a stable suspension no further work will be carried out on 
the carbon-doped wax actuator and it is not necessary to fabricate a physical prototype. 
 
4.5. Experimental Phase 1 Summary 
While none of the prototypes offered a solution they did provide a direction for the research 
and indicated where the technological gaps were in trying to achieve the research objectives. 
The existing technologies were unable to achieve the small scale required, presented 
significant manufacturing challenges or were too unreliable for the development of a 
functional device. The testing indicated some design features that must be considered in a 
future prototype: 
1. Mechanical pins should be eliminated due to the difficulties in achieving the 
machining tolerances for the pins and the pin block 
2. An elastomeric membrane should be adhered to the top of the actuator array to 
contain the wax as has been done by other researchers such as Sant et al. (2010), 
Goldschmidtböing et al. (2008) and Lee and Lucyszyn (2005b) 
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The work carried out also highlighted current knowledge gaps in the literature which must be 
addressed: 
1. A new compact actuator design must be developed to achieve the close packed array 
required to create a 2D Data Matrix 
2. The existing heating systems in the literature are not suitable, a new heater design is 
required 
3. A method for completely filling an actuator with wax that eliminates the formation of 






5. Experimental Phase 2 
Experimental Phase 2 took two parallel development tracks to design solutions for the 
knowledge gaps and device design issues presented at the end of Experimental Phase 1. The 
first focused on the development of a new design heater system. The second was concern 
with the identification of an appropriate membrane material and a method for applying it to 
the top surface of an actuator array. 
 
5.1. Experimental Phase 2 Heater Array 
The design of new wax actuator heater suitable for a close packed array presents a number of 
challenges. The new heater system will need to be compact to achieve the small pitch 
distance between each actuator, have a low power requirement to minimise the heating of the 
PCB traces and importantly have a consistent power requirement from one heater to the next 
across the whole array. Figure 54 shows an outline of the development path followed to 
create a functional actuator array. The work carried out in the following sections will address 
the knowledge gap relating to a suitable heater design as stated in Section 4.5. 
 
Figure 54: Development path for new actuator heater 
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5.1.1. Heater Array - Design 
Regardless of the design, a fundamental requirement would be to supply power to each heater 
in the array; due to the high density and small size of the heaters and actuators the most 
attractive method would be to attempt to use a Printed Circuit Board (PCB) as the basis for 
the marking device. If it was possible to create an array with 144 heaters and also contain the 
paraffin wax to create the actuator this could be an ideal solution.   
To achieve this the work of Spivak and Casey (2014) could be used as a basis for a new 
heater design. The focus of their work was to create vertical resistor elements in through-hole 
vias to eliminate the requirement for separate resistive components. They achieved this by 
drilling through-hole vias in a PCB which would be filled by dipping them in a resistive 
material. Once filled, a via can be overplated so that it would function as a resistor. This 
concept could be adapted so that it could create a close packed array of heating elements for 
wax actuators. 
Due to manufacturing constraints it was not possible to develop a fully integrated device at 
this stage. For that reason it was decided that the first PCB prototype would focus on creating 
a heater array. The heater array was the primary knowledge gap in the literature and without 
this element it would not be possible to develop a wax actuator prototype marking device. 
Figure 55 shows a cross section of a single heater from the proposed PCB design.  
  
Figure 55: PCB Prototype 1 stack-up 
The first section comprising of layers 1 to 6, measure 0.6mm in thickness and forms the 
individual top connections for each of the heaters in the array. Note that any layer denoted in 
the stackup is one that contains copper traces. The top connector section is bonded to an 
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electrically insulating layer approximately 1.4 – 1.5mm in thickness. The final layers from 7 
to 8 are used as a common electrical ground between all the heaters in the array and measures 
approximately 0.4mm in thickness. 
The heater array works by filling each heater via with an electrically resistive material that 
creates an electrical contact between the common ground layers and the top connector layers. 
When a sufficient current is applied to a resistive material a heating effect can be observed. 
For this PCB to function as a heater array a current will be applied to intentionally cause the 
resistive material to heat up. The heat produced can be used to induce a phase change in the 
paraffin wax in the actuator and in turn a linear displacement. Using individually controlled 
heaters it will enable patterns to be created with the wax actuators on the surface of the 
marking device. 
 
5.1.2. Heater array – Calculations 
The concept design utilises a resistive slug with electrical ring connectors at either end. As 
the current flows through the resistor a heating effect is observed. The length and diameter of 
the resistor slug will be dictated by the design of the PCB, therefore the resistance of the 
heater material will have to be varied in order to achieve the desired heat output and actuation 
time. The resistance of the heater will be determined by the wax actuator specifications 
detailed in Table 14. 
Table 14: Parameters for calculations of heater resistance 
Baseline Mould Temperature 20°C 
  
Actuator Wax Specifications  
- Specific Heat Capacity 2.22J/g/°C 
- Density 0.0004g/mm3 
- Melting Range 46°C – 48°C 
  
Actuator Specifications  
- Diameter 0.8mm 
- Height 5 mm 
- Target Actuation Time 4 seconds 
  
Heater Specifications  
- Diameter 0.8mm 
- Length 1.4mm 
- Desired Current Usage 0.010A 
- Maximum voltage 30V Variable DC Power Supply 
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In order for a resistive heater to function as required the power requirement to raise the 
temperature of the wax actuator from the mould operating temperature to 48°C needed to be 
calculated. Using this power requirement it was possible to determine a target resistance for 
the heater. A desired current usage of 0.010A per actuator was used for determining the 
heater resistance. This was based on the drive electronics which were being design by another 
researcher. It was their preference to keep the current per actuator under 0.015A as it would 
offer them design options for the control board. The calculations would provide an initial 
guideline for the heater manufacture which could be refined in subsequent prototypes. 
However, the initial calculations did not take into account heat transfer from one actuator to 
another or heat loss from an actuator to the surrounding area. 
 
𝐴𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝑃𝑜𝑤𝑒𝑟 (𝑊𝑎𝑡𝑡𝑠) =  
𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑡𝑜 𝑟𝑎𝑖𝑠𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑏𝑦 ∆𝑇 (𝐽𝑜𝑢𝑙𝑒𝑠)
𝐴𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (𝑠𝑒𝑐𝑜𝑛𝑑𝑠)
 
𝐸𝑛𝑒𝑟𝑔𝑦 (𝐽𝑜𝑢𝑙𝑒𝑠) =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑊𝑎𝑥 (𝑔) × 𝑆𝐻𝐶 𝑜𝑓 𝑊𝑎𝑥 × 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (∆𝑇)
𝐴𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑠𝑒𝑐𝑜𝑛𝑑𝑠
 





𝑀𝑎𝑠𝑠 𝑜𝑓 𝑊𝑎𝑥 (𝑔) = 𝜋 × 0.42 × 5 × 0.0004 = 0.001 𝑔 
𝐸𝑛𝑒𝑟𝑔𝑦 (𝐽𝑜𝑢𝑙𝑒𝑠) =  0.001 × 2.22 × 26 = 0.0577 𝐽 
𝐴𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝑃𝑜𝑤𝑒𝑟 (𝑊𝑎𝑡𝑡𝑠) =
0.0577
4
= 0.0144 𝑊 
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑃𝑜𝑤𝑒𝑟 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 𝑓𝑜𝑟 𝐷𝑒𝑣𝑖𝑐𝑒 = 0.0144 × 144 = 2.074 𝑊 
 
To determine the resistance of the heater: 
𝑃 = 𝐼2 × 𝑅 where  P = Power (w) 
    I = Current (A) 
    R = Resistance 
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Therefore target resistance for the heater is 144Ω 
The resistive materials being researched for use as a potential heater material are specified 
from the supplier in terms of their resistivity. To determine the resistivity of the material 
required: 
𝑅 =  
𝜌𝐿
𝐴




Where  ρ = Resistivity (Ω.cm) 
R = Target heater resistance of 144Ω 
A = Cross sectional Area of Heater via in PCB with a diameter of 0.08cm 





144 × (𝜋 × 0.042)
0.14
= 5.17 Ω. 𝑐𝑚 
 
5.1.3. Heater Array - Build 
The PCB supplier proposed manufacturing the prototype as three separate PCBs and 
assembling them using a pre-drilled low flow prepreg as shown in Figure 56. The first PCB 
has all the individual electrical connections routed to the top of each heater. These 
connections will make it possible to individually activate actuators. The second PCB has no 
electrical connections; its purpose is to contain the resistive material between the top 
connectors and the common ground. The final PCB is a common electrical ground between 
all the actuators. 
 
Figure 56: Proposed manufacturing method from PCB supplier 
PCB 1:
144 Individual Top Connectors
Pre drilled low flow prepreg
PCB 2:
Blank FR 4 layer
Pre drilled low flow prepreg
PCB 3:
Common Ground Bottom Connector
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It was anticipated by the PCB supplier that this manufacturing method may present some 
issues on final assembly with prepreg ingress into the vias. Therefore they proposed that the 
excess material could be laser drilled from the vias once final assembly is complete. Figure 
57 shows a detailed view of the laser drilling process in one of the PCB vias. 
 
Figure 57: Laser drilling of excess prepreg from vias 
 
Figure 58 shows a full PCB layout for the board design for Experimental Phase 2. A full set 
of schematics for the PCB are detailed in Appendix D. 
 
Figure 58: PCB layout for Experimental Phase 2 
Pre drilled low 
flow prepreg
Blank FR 4 
layer











The manufacturing method proposed by the manufacturer was unsuccessful as it was not 
possible to keep the vias clear of prepreg or clean them post assembly. As a compromise an 
alternative manufacturing method was adopted, this only used prepreg around the heater 
array and not between the individual heaters as shown in Figure 59. 
 
Figure 59: Prepreg location in prototype PCB 
The manufacturing method used for the PCB meant that the individual heaters in the array 
were not physically isolated from each other. This resulted in a possibility that when the 
resistive material was inserted into the vias that some adjacent heaters may be connected. 
While this was not ideal, it would still be possible to prove the concept and if successful the 
manufacturing difficulties could be addressed in another iteration of the prototype. 
ED7500 from Electrapolymers was selected for the heater material, it is a resistive paste 
manufactured from carbon, silver and graphite powders. It is normally used for printing fixed 
resistors and potentiometers on rigid circuit boards. To complete the array 20Ohm ED7500 
was squeegeed into the heater vias of the PCB and cured in a convection oven at 160°C for 
30 minutes as per the manufacturer’s directions. For temperature control a 3.6V, 9W Peltier 
cooler module from European Thermodynamics (APHC-013104-S) was attached to the 
bottom of the heater array with a thin layer of Aavid Thermalloy Thermalcote
TM
 1 thermal 
paste with a thermal conductivity of 0.765W/mK. This in turn was connected to an 
aluminium plate and a Malico Inc. 5 volt, 0.17Amp cooling fan and heat sink (Model: 
Area with no 
prepreg applied
Prepreg applied 




CEBF0127271803-00) as shown in Figure 60. The assembly was secured with 4 nylon 
screws. The purpose of this setup was to dissipate excess heat from the area surrounding an 
active heater and minimise heat transfer to adjacent heaters.  
 
Figure 60: Prototype PCB assembly for testing 
 
5.1.4. Heater Array - Run 
To test the PCB one heater was activated and the temperature was measured using a k-type 
thermocouple using the setup shown in Figure 61, the setting for each of the components are 
shown in Table 15. 
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Table 15: Setting for PCB heater array test 
Components Volts Amps 
Actuator (Variable Power Supply 1) 3.08 0.28 
Fan (Variable Power Supply 2 - Output 1) 5.00 0.10 
Peltier (Variable Power Supply - 2 Output 2) 2.39 1.00 
 
The testing resulted in a heater reaching a temperature of 52°C. A second heater was also 
tested using the same parameters. In this test the temperature of the active heater and the 
surrounding ones were recorded. Figure 62 shows the temperature of the active heater 
(number 5) which was at a temperature of 55°C and also the temperature of the adjacent 
heaters. 
 
Figure 62: Heat transfer observed between active actuator and adjacent actuators 
 
5.1.5. Heater Array - Analyse 
It can be observed from Figure 62 that heater 2 and heater 8 both have a high temperature and 
also heater 7. It can also be seen that the temperatures of heaters 3, 6 and 9 are significantly 
lower than the others as they are further away from the active traces. This would indicate that 
a significant amount of the heat transfer is coming from the powered trace and not the heater 
itself. This would result in the traces for heaters 2 and 8 heating up because of their close 



















Since the traces are a significant source of heat transfer this leads to an interesting 
temperature pattern for the various heaters. As the number of ‘hot’ traces decreases moving 
from heater 8 to 5 and then 2, there is a corresponding drop in temperature of the heaters (7, 4 
& 1) adjacent to these traces. From these three heaters number 7 has the highest temperature 
at 44°C which is located beside three traces ‘hot’ traces. As the number of traces decreases a 
decrease in the temperature of the adjacent heaters (4 & 1) can also be observed. One can also 
see that the heaters on the right hand side of the board which were further away from the 
active trace had the lowest temperature. It is clear that the trace layout has facilitated the heat 
transfer from one heater to another; the next iteration must include a trace layout which 
avoids parallel traces in close proximity as much as possible. 
It can be seen from the setting used that the power requirements of the heater will need to be 
review. The heater was running at 0.252A at 3.89V to obtain a heat of 52°C, which is only 
4°C above the upper temperature of the paraffin wax melting range. These settings result in a 
power requirement of 0.98W. Allowing for a possible 100 actuators to be active at any one 
time this could result in a total power requirement of 98W. In reality this would most likely 
be slightly lower due to an increase in heat density as more actuators are activated and a rise 
in the base level temperature of the marking device. The rise in temperature of the device will 
mean that each actuator will have a reduced temperature differential between its base 
temperature and the melting range of the actuator wax which will result in a lower power 
requirement. However a current of 0.252Amps is too high and needs to be reduced. The high 
current is due to the low resistance of the heater paste, using a material with a higher 
resistance value will provide the same heat at lower amps. 
 
5.1.6. Heater Array – Conclusions 
The design and manufacture of an embedded vertical heater in a PCB capable of reaching the 
melting range of Sasol 4608 paraffin wax (46 - 48°C) was successfully demonstrated. Testing 
indicated a number of issues which will need to be addressed in the next iteration: 
1. The design will need to be optimised to streamline manufacturing 
2. The next iteration will need to include a wax actuator in order to manufacture a fully 
integrated device 
3. A higher resistance material will need to be used for fabricating the heaters to reduce 
the current required to heat them. 
76 
 
5.2. Experimental Phase 2 – Membrane Identification and Testing 
The prototyping in Experimental Phase 1 showed that it would be desirable to avoid using a 
mechanical pin array. An elastomeric membrane will need to be applied to the surface of the 
actuator block which was capable of sealing each of the actuators and also have the ability to 
expand to form a bump when the paraffin wax changes to a liquid phase. The development 
path for the membrane is shown in Figure 63. 
 
Figure 63: Development path for adhering membrane to actuator block 
Problem: To determine a method of 
attaching a membrane to the 
actuator array surface








Dow 734 durability 
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The literature review had identified two materials that could potentially perform as a 
membrane for the marking device: 
1. Parylene C offered by the Curtiss Wright Company 
2. Dow Corning 734, a polydimethylsiloxane material manufactured by Dow Corning 
Corporation  
 
5.2.1. Material Identification and Testing - Parylene C membrane 
Prior to testing Parylene C as a potential membrane for the marking device a series of scratch 
tests were conducted by Curtiss Wright on a number of substrates of interest to determine if 
they would adhere. The testing confirmed that Parylene C would bond to FR4. The successful 
outcome of these test coupled with the use of Parylene C by other researchers led to testing 
the material as a possible membrane for the marking device. 
 
5.2.1.1. Parylene C membrane - Design 
To investigate if Parylene C could adhere to a PCB actuator array a test FR4 board was 
manufactured to represent an array of wax actuators as shown in Figure 64. 
 
Figure 64: Test FR4 board to simulate wax actuator array. 
A test board could be filled with wax and sealed with a Parylene C membrane. The array 
could then be heated to expand the wax to determine if the membrane had sufficient adhesion 




5.2.1.2. Parylene C Membrane- Build 
The following outlines the fabrication steps taken to build the test board to determine the 
adhesion to Parylene C to an FR4 wax actuator array  
1. A PCB was manufactured with an array of vias to simulate the actuator array. The 
surface of the PCB was flood coated with copper during manufacture.  
2. The array was filled with Sasol 4608 wax  
3. Excess wax was scrapped off the surface with a sharp blade and the surface copper 
was removed using ferric chloride solution to expose the bare FR4 surface.  
4. Following this Curtiss-Wright were contracted to coating the surface of the PCB with 
Parylene C. The bottom of the array was sealed by bonding it to a piece of aluminium 
with 3M Scotch-Weld
TM
 DP 760 structural adhesive which is a high temperature 
epoxy. A Peltier device was fitted to the assembly and used to elevate the temperature 
to the melting range of the paraffin wax.  
The manufacturing steps are shown in Figure 65. 
 




Array of copper plated Ø0.8mm holes
Copper flood coating
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remove contamination







5.2.1.3. Parylene C Membrane - Run 
Using a variable power supply the peltier device was heated to elevate the paraffin wax to a 
temperature range of 46°C - 48°C. The Parylene C membrane proved unsuccessful and 
paraffin leaked within a 10 second time period as shown in Figure 66. 
 
Figure 66: Failure of Parylene C membrane 
 
5.2.1.4. Parylene C Membrane - Conclusion 
The testing clearly showed that the Parylene C is unable to maintain sufficient adhesion 
between the actuators and would not be suitable for the marking device. This material will no 
longer be considered in any further research. 
  
5.2.2. Material Identification and Testing - Dow Corning 734 Membrane 
Dow Corning 734 is a flowable self-levelling adhesive sealant and has been used by other 
researchers for the manufacture of phase change actuators. With a wide operating 
temperature from -65°C to 180°C and a 315% elongation at break it may have potential as a 
membrane material for the marking device 
 
5.2.2.1. Dow Corning 734 Membrane – Design 
Using the same design test board from Section 5.2.1.1 a similar sample is prepared using a 
Dow734 membrane in place of Parylene C. 








5.2.2.2. Dow Corning 734 Membrane - Build 
The assembly process followed for testing the Dow 734 membrane is shown in Figure 67  
1. A PCB was manufactured the same as the one used in Section 5.2.1.2  
2. The array was filled with Sasol 4608 wax 
3. The excess wax was removed and the surface etched to remove the copper 
4. A thin layer of Dow 734 was applied to the surface and allowed to cure, the bottom of 
the array was sealed by bonding it to a piece of aluminium  
5. The assembly was heated directly on a hotplate to elevate the temperature to the 
melting range of the wax 
 




Array of copper plated Ø0.8mm holes
Copper flood coating





Excess paraffin wax is removed and copper 
surface is etched with ferric chloride to 
remove contamination





Dow 734 membrane peel 
from surface between 
actuators
Heat from hot plate
81 
 
5.2.2.3. Dow Corning 734 Membrane - Run 
For simplicity a hot plate was used instead of a Peltier to elevate the temperature of the 
assembly. Figure 68 shows the outcome of the test FR4 board. 
 
Figure 68: Adhesion test for Dow 734 to surface of FR4 wax actuator array. 
 
5.2.2.4. Dow Corning 734 Membrane - Analyse 
As is evident from Figure 68 the Dow 734 membrane was unable to maintain adhesion to the 
surface of the FR4 test board between each of the actuators. However it was not a complete 
failure of the membrane as was the case with the Parylene C material (see Figure 66). The 
Dow 734 did maintain adhesion in some areas of the array but for an adhesive to function 
properly it is vital to have a good joint design as this will play a large role in determining how 
effect the adhesive is in the target application. When the paraffin wax is heated and expands, 
the bond between the Dow 734 and FR4 is subjected to peel forces and ultimately fails. The 
failure means the isolation of the wax between each actuator cannot be maintained as shown 
in Figure 69. To solve it is necessary to increase the surface bonding area for the Dow 734 
and to change the forces that it is subjected to while an actuator is active. 
 
Figure 69: Adhesive failure of Dow 734 and FR4 due to cleavage forces 
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5.2.2.5. Dow Corning 734 Membrane – Conclusion 
The adhesion surface of the Dow Corning 734 and the PCB actuator array needs to be 
modified to promote better adhesion. 
 
5.2.3. Material Identification and Testing - Dow 734 Membrane with slotted interface 
To improve the adhesion between the Dow 734 and the surface of the PCB the mating surface 
must be redesigned. Using the current configuration the Dow 734 is unable to adhere 
sufficiently to overcome the cleavage forces exerted on it by the expanding paraffin wax. 
Traditionally adhesives perform much better when subjected to shear stress rather than 
cleavage. If it was possible to alter the stress on the adhesive joint this may help the 
membrane adhere to the surface of the PCB. 
 
5.2.3.1. Dow Corning 734 membrane with slotted interface – Design 
The design concept it to machine an ‘interface’ into the top surface of the actuator array 
which can be filled by the Dow 734 when it is being applied. Figure 70 shows a cross section 
of the proposed membrane interface. 
 
Figure 70: Representation of slotted interface filled with Dow 734 maintaining wax actuator isolation 
during operation  
 
To apply the membrane a thin metal stencil can be placed on the top surface of the PCB and 
Dow 734 can be slowly squeegeed across the top surface allowing sufficient time for the 
Shear force between Dow 734 
and side wall of interface slot




slotted interface to fill as shown in Figure 71. The thickness of the stencil will dictate the 
final thickness of the membrane of the PCB. 
 
Figure 71: Application method for Dow 734 to slotted interface 
The intention of the machined interface is to increase the bonding surface area for the Dow 
734. If the joint is able to withstand the shear forces generated by the expanding paraffin wax 
it should only be limited by the cohesive strength of the Dow 734. The interface will have an 
added benefit of thermally isolating the actuators from each other to inhibit heat transfer.  
 
5.2.3.2. Dow Corning 734 membrane with slotted interface - Build 
As the PCBs used in the previous tests were prefabricated a block of ABS was machined to 
simulate the actuator array to test the design concept. An array of 0.5mm diameter holes was 
drilled in the ABS to simulate the actuator array. Using a 0.2mm wide slitting saw on a 5 axis 
Mikron HSM 600U machine an interface was machined into the top surface of the ABS 
between each of the holes in the array. Figure 72 shows the ABS part machined to develop 
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Figure 72: Machined ABS actuator block 
 
With a machining process developed it was possible to redo the adhesion test with the FR4 
and Dow 734. The process followed is shown in Figure 73. 
1. A blank 1.6mm thick FR4 board was adhered to a block of ABS and drilled with a 
hole array. 
2. The array was filled with Sasol 4608 wax.  
3. The excess wax was removed and relocating in the machine to slot the interface. 
4. The surface of the FR4 was primed with Dow Corning PR1200 RTV Prime Coat to 
aid adhesion. Dow 734 was applied ensuring that the slotted interface was completely 
filled and a thin layer was formed across the entire array and allowed to cure. An 
aluminium plate was bonded to the back of the array to seal it 








FR4 mounted to ABS










Dow 734 membrane adhering
in interface between actuators
Membrane interface cut
into top surface of FR4
Excess paraffin wax remove
from top and bottom surfaces
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5.2.3.3. Dow Corning 734 membrane with slotted interface - Run 
The assembly was placed on a hotplate and elevated to the melting temperature of the 
paraffin wax (46°C - 48°C). Figure 74 shows the outcome of the test for the Dow 734 and the 
FR4 with a slotted membrane interface. 
 
Figure 74: Adhesion test for Dow 734 to surface of FR4 with slotted interface 
 
5.2.3.4. Dow Corning 734 membrane with slotted interface - Analyse 
The outcome of the test in Section 5.2.3.3 shows that it is possible to machine a slotted 
interface in the surface of FR4 to promote adhesion with Dow 734. The testing also showed 
that the interface was able to isolate the paraffin wax in an active actuator from an adjacent 
one. 
 
5.3. Experimental Phase 2 Actuator Array 
Experimental Phase 1 had identified a knowledge gap in the literature with regard a suitable 
heating system for the actuator array that was required for the current research. The worked 
carried out in Section 5.1 fills this knowledge gap. 
The testing had also indicate some preferred design features such as avoiding the use of 
mechanical pin arrays and including an elastomeric membrane adhered to the top surface of 
the actuator array. The development work in Section 5.2.3 has presented possible solutions to 
these design issues. 
With the work carried out to date it is now possible to assemble a functional wax actuator 
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5.3.1. Actuator Array - Build 
Using the PCB from Section 5.1.3 and an ABS actuator array that was fabricated using the 
process developed in Section 5.2.3.1 a functional prototype was completed. Since the PCB 
had not been originally fabricated to be used as a completed marking device location holes 
needed to be drilled in the array and also the PCB for alignment purposes.  
 
Figure 75: Location hole in ABS for aligning to PCB 
 
The ABS actuator block filled with Sasol 4608 wax was bonded to the top surface with 3M 
Scotch-Weld
TM
 DP 760. A cross section of the assembly is shown in Figure 76.  
 
Figure 76: PCB stackup connected to ABS wax actuator array 
Location holes drilled 
















5.3.2. Actuator Array - Run 
The assembly was tested using the parameters in Table 16 to determine if it was capable of 
melting the paraffin wax and creating a bump on the surface of the array. A single heater was 
powered using the settings resulting in a single raised actuator as shown in Figure 77. 
 
Table 16:  Parameter setting for testing actuator array 
Components Volts Amps 
Actuator 3.08 0.28 
Peltier 2.39 1.00 









5.3.3. Actuator Array - Analyse 
The outcome from Experimental Phase 2 represents an important proof of concept for a PCB 
based heater array for activating wax actuators.  The use of a vertical heating element 
contained in through-hole vias made it possible to fabricate an actuator array with a small 
pitch distance capable of achieving the standard required for an ECC200 2D Data Matrix. 
The testing showed that it was possible to active a wax actuator using the PCB heater array 
design as shown in Figure 77. The assembly of the PCB with the ABS block indicates that an 
integrated solution may be possible. 
The use of the PDMS membrane was identified in Experimental Phase 1 as a design feature 
which should be incorporated into future prototypes. This had been suggested by a number of 
researchers as discussed in Section 2.8. In their research, prototypes were developed with a 
Braille application in mind and as a result could use a greater pitch distance between the 
actuators, in some situations it was greater than 1.6mm providing a greater surface area for 
the PDMS to bond to. Due to the small pitch distance in the prototype developed in Section 
5.3.1 the inclusion of a novel slotted interface increased the adhesion area for the PDMS 
making it possible to completely isolate the wax between adjacent actuators. 
 
5.3.4. Actuator Array – Conclusion 
The use of a PCB based heater system for creating a close packed wax actuator array is viable 
and should be developed further so that a functional prototype marking device can be 
manufactured. 
 
5.4. Experimental Phase 2 - Summary 
Experimental Phase 1 identified a number of knowledge gaps in the literature that must be 
overcome to achieve the research objectives. The work completed also suggested that a 
number of design features used by other researchers should be considered for inclusion in 
future prototypes. The intention of Experimental Phase 2 was twofold: 
1. First was to develop a PCB based heater system that could be used as a basis for the 
marking device 
2. To integrate the PDMS membrane design feature into the a current prototype so as to 
eliminate the requirement for mechanical pins 
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The PCB heater array completed and demonstrated in Section 5.1 presented a new format of 
heater which achieved the desired pitch distance of 1.2mm as per the 2D Data Matrix 
standard required. The PDMS membrane was successfully incorporated into the prototype 
using the process developed in Section 5.2.3 thus eliminating the requirement for mechanical 
pins. 
While the testing was successful and achieved a significant milestone the method by which it 
is manufactured requires optimisation. The assembly of the PCB without prepreg in between 
each of the heaters is not desirable as it is possible that some of the resistive paste will form a 
connection between adjacent heaters. This is not an issue from an electrical perspective but 
this may contribute to heat transfer from one heater to another. A second issue with the PCB 
was the limitation on the thickness which in turn prevented the manufacture of an integrated 
solution with the heaters and the wax actuator array in one device. In part the thickness of the 
PCB was limited by the capabilities of the manufacturer; however at the time they were the 
only one that indicated they could produce the required PCB. It was understood from 
discussion with the PCB manufacturer that a large source of the manufacturing difficulties 
related to using the same via diameter in the common ground and the middle insulating 
section of the heater array.  
For Experimental Phase 3 it will be necessary to re-evaluate the PCB design with a view to 
mitigating some of the manufacturing difficulties. To ensure good performance from the wax 
actuator it will also be necessary to address to two remaining knowledge gaps not filled after 
Experimental Phase 2: 
1. Develop a method for completely filling an actuator with wax that eliminates the 
formation of a void in the actuator chamber due to solidification and shrinkage of the 
wax 
2. Develop a method for degassing the wax in order to prevent outgassing during 







6. Experimental Phase 3 
In this phase a number of items must be achieved in order to have the capability of 
manufacturing a completed integrated and functional prototype: 
1. A new design of PCB is required to improve the heater design and incorporate a wax 
actuator array; the changes made are outlined in Section 6.1. 
2. A higher resistance heater material must be sourced so that the current requirement 
per actuator is reduced, this will include the investigating new materials as well as 
further work with the ED7500 
3. A method of filling the actuator wax must be developed 
The heater development path followed for Experimental Phase 3 is outlined in Figure 78. 
  
Figure 78: Development path for Experimental Phase 3 
RTV-60-CON Conductive 
Silicone Slug Heater
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6.1. Experimental Phase 3 Integrated PCB  
Experimental Phase 2 developed a 12x 12 heater array with a pitch distance of 1.2mm and a 
separate wax actuator block which was adhered to the top surface of the PCB. This design 
phase needs to resolve two problems: 
1. The PCB must be redesigned to incorporate wax actuators as well as heaters 
2. A lower resistance heater must be fabricate to reduce the current required to heat it to 
the desired melting range of 46°C - 48°C 
 
6.1.1. Integrated PCB - Design 
A second iteration of the PCB was designed to mitigate the manufacturing difficulties 
encountered during Experimental Phase 2. The issues experienced were largely due to the 
vias in the insulating FR4 region having the same diameter as the vias in the common ground. 
It was this design feature which lead the manufacturer to produce the board in separate parts 
and to assemble them post drilling and copper plating. The new design uses stepped vias as 
shown in Figure 79. 
 































The PCB is designed to have a heater slug in the lower section of the board and an array of 
wax actuators in the upper section. Between these two sections are the individual electrical 
connections for the heaters. Due to the close proximity of all the actuator there is a strong 
possibility that the heat from one heater may melt the wax from a neighbouring actuator. In 
an attempt to counteract this, a copper “cooling plane” was incorporated into the design in 
layer 2; a portion of this layer is shown in Figure 80. The cooling plane consists of a flood 
filled copper plane which completely surrounds all the vias (while maintaining a small gap so 
as not to create an electrical short). The cooling plane is positioned at the top of the heaters so 
that any heat migrating through the PCB and not being transferred into the actuator will be 
conducted away from any adjacent ones. The temperature of the cooling plane is regulated by 
coupling it with through-hole vias directly to the common ground which is in intimate contact 
with a peltier cooling module. 
 
Figure 80: Copper cooling plane located at layer 2 of the PCB 
 
Another variant without the cooling plane was also considered but due to budgetary 
constraints it was not possible to explore both options and therefore the PCB with the cooling 
plane design was manufactured. The new format PCB will have a different heater dimension. 
The specifications are shown in Table 17. 
Flood fill copper 
“cooling plane”
Vias to provide thermal 
connection to peltier
cooling module





Table 17: Heater specifications for Experimental Phase 3 prototype PCB 
Baseline Operating Temperature 20°C 
  
Actuator Wax Specifications  
- Specific Heat Capacity 2.22J/g/°C 
- Latent Heat of Fusion 200J/g 
- Density 0.0004g/mm3 
- Melting Range 46°C – 48°C 
  
Actuator Specifications  
- Diameter 0.5mm 
- Height 4 mm 
- Target Actuation Time 4 seconds 
  
Heater Specifications  
- Diameter 0.6mm 
- Length 2.0mm 
- Desired Current Usage 0.010A – 0.013A 
- Maximum voltage 25V Peak Rectified Sine 
Wave  
To calculate Actuation Energy and Power 
𝑃𝑜𝑤𝑒𝑟 (𝑊𝑎𝑡𝑡𝑠) =  




Energy required raising wax temperature from mould operating temperature to melting range 
𝐸𝑛𝑒𝑟𝑔𝑦∆𝑇(𝐽𝑜𝑢𝑙𝑒𝑠) =  𝑀𝑎𝑠𝑠 𝑜𝑓 𝑊𝑎𝑥 (𝑔) × 𝑆𝐻𝐶 𝑜𝑓 𝑊𝑎𝑥 × 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (∆𝑇) 




𝑀𝑎𝑠𝑠 𝑜𝑓 𝑊𝑎𝑥 (𝑔) = 𝜋 × 0.252 × 4 × 0.0004 = 0.000314 𝑔 
𝐸𝑛𝑒𝑟𝑔𝑦 ∆𝑇(𝐽𝑜𝑢𝑙𝑒𝑠) =  0.000314 × 2.22 × 26 = 0.0181 𝐽 
 
Energy required completing phase transition from solid to liquid 
𝐸𝑛𝑒𝑟𝑔𝑦 𝐹𝑢𝑠𝑖𝑜𝑛(𝐽𝑜𝑢𝑙𝑒𝑠) =  𝐿𝑎𝑡𝑒𝑛𝑡 𝐻𝑒𝑎𝑡 𝑜𝑓 𝐹𝑢𝑠𝑖𝑜𝑛 𝑜𝑓 𝑊𝑎𝑥 (
𝐽
𝑔
) × 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑊𝑎𝑥 (𝑔) 
𝐸𝑛𝑒𝑟𝑔𝑦 𝐹𝑢𝑠𝑖𝑜𝑛(𝐽𝑜𝑢𝑙𝑒𝑠) =  200 × 0.000314 = 0.0628𝐽 
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Total energy required for temperature elevation and phase transition 
𝐸𝑛𝑒𝑟𝑔𝑦 𝑇𝑜𝑡𝑎𝑙(𝐽𝑜𝑢𝑙𝑒𝑠) =  𝐸𝑛𝑒𝑟𝑔𝑦∆𝑇 + 𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑢𝑠𝑖𝑜𝑛 
𝐸𝑛𝑒𝑟𝑔𝑦 𝑇𝑜𝑡𝑎𝑙(𝐽𝑜𝑢𝑙𝑒𝑠) =  0.0181 + 0.0628 = 0.0809 
𝐴𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝑃𝑜𝑤𝑒𝑟 (𝑊𝑎𝑡𝑡𝑠) =
0.0809
4
= 0.0202 𝑊 
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑃𝑜𝑤𝑒𝑟 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 𝑓𝑜𝑟 𝐷𝑒𝑣𝑖𝑐𝑒 = 0.0202 × 144 = 2.91 𝑊 
To determine the resistance of the heater: 
𝑃 = 𝐼2 × 𝑅 where  P = Power (w) 
    I = Current (A) 
    R = Resistance 







A lower tolerance for the heater resistance can be calculated using a current of 0.013A 







Therefore target resistance for the heater is 120Ω to 202Ω (approx -.12 kΩ to 0.20kΩ) 
The resistive materials being researched for use as a potential heater material are specified 
from the supplier in terms of their resistivity. To determine the resistivity of the material 
required: 
𝑅 =  
𝜌𝐿
𝐴




Where  ρ = Resistivity (Ω.cm) 
R = Target heater resistance of 202Ω 
A = Cross sectional Area of Heater via in PCB with a diameter of 0.06cm 







202 × (𝜋 × 0.032)
0.2





120 × (𝜋 × 0.032)
0.2
=  1.696 Ω. 𝑐𝑚 
 
Target resistivity for the heater material is 1.7Ω cm to 2.9Ω cm 
 
6.1.2. Integrated PCB - Build 
To aid in the manufacturing of this design the researcher devised a manufacturing sequence 
outlined in Figure 81 and Figure 82 for the PCB manufacturer to follow. The first step in 
manufacturing the board was to drill a stepped via with the correct diameters for the common 
ground and wax actuator. This via was then coated with copper as shown in Figure 81.  
 
Figure 81: Manufacturing step 1 Experimental Phase 3 PCB prototype  
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[144 (12 x 12 matrix) off 
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Electrical connections on 




A second process called backdrilling (commonly used in Radio Frequency board 
manufacture) was then used with an intermediate sized drill to remove the copper plating 
from the vias in the insulating FR4 region as shown in Figure 82. The backdrilling process 
created an electrical break between the top and bottom of each via. 
 
Figure 82: Manufacturing step 2 Experimental Phase 3 PCB prototype  
 
This two-step manufacturing process enabled the entire PCB stack-up to be manufactured as 
one board instead of three separate components (as was the case with the PCB in 
Experimental Phase 2). The new manufacturing process also expanded the number of 
possible vendors for PCB manufacturing some of whom were capable of manufacturing 
PCBs of the required thickness. A significant improvement in this design over the previous 
iteration was the inclusion of the wax actuator array in the PCB rather than a separate one 
mounted to the surface. The layout of the PCB was also changed to minimise heat transfer 
between traces by avoid running them parallel to each other. If traces needed to run in the 
same direction they were separated onto different layers of the PCB. This resulted in an 
increased PCB layer count and further increase in thickness. The full layout for the PCB is 
shown in Figure 83 with a completed PCB in Figure 84, the detailed schematics can be seen 









Electrical connections on 
multiple layers to 
144 Ø0.5mm vias
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Figure 83: Layout for Experimental 
Phase 3 PCB 
Figure 84: Completed PCB with optimised heater 
design and integrated wax actuators 
 
6.1.3. Integrated PCB– Summary 
The redesign of the PCB heater using a step via instead of one with a continuous diameter 
was a key design change which simplified the manufacturing process and simultaneously 
broadened the pool of potential vendors capable of manufacturing the PCB. The increase in 
thickness makes it physically possible to manufacture a device capable of containing the 
heater array and wax actuator array. However this comes with its own challenges with respect 
to final fabrication of the marking device. 
In Section 5.1 resistive paste was continuously squeegeed into the vias until it protruded from 
the other side of the PCB and the excess was wiped away. The actuator array was filled by 
submerging the entire array in liquid paraffin wax. These manufacturing processes will no 
longer be adequate for the integrated design. Greater control will be required over filling the 
resistive material to ensure there is adequate room for the actuator wax. To avoid the 
possibility of wax contamination it would be preferable to complete the heater array first and 
then fill the wax actuator. This presents a new problem which was not encountered in 
Experimental Phase 2 prototype – the wax will now need to completely fill a small diameter 
blind hole without entrapping air in the process or leaving a void in the actuator cavity post 
solidification and shrinkage. Indeed this is one of the knowledge gaps as identified by Ogden 





6.2. Experimental Phase 3 RTV-60-CON conductive silicone slug heater 
The requirement for a new heater fabrication process led to the consideration of a wider range 
of resistive materials. One group of materials that was examined was conductive silicone 
adhesive. These materials are silicone based adhesive that are loaded with carbon black 
particles. They are designed for bonding conductive rubber sheets to substrates and also for 
shielding against electromagnetic interference. RTV-60-CON is a carbon black filled 
electrically conductive silicone adhesive from Stockwell Elastomerics Inc. It is manufactured 
with a material resistivity specification of between 0-10 Ohm-cm. (Each batch is tested after 
it is produced to determine its resistivity.) 
 
6.2.1. RTV-60-CON conductive silicone slug heater- Build 
A 3.5Ohm-cm material was injected into each via in the board through the common ground 
plane using a Nordson Ultimus V dispenser and a Nordson Pro 4L automatic dispensing 
robot. The material used was a higher resistivity than desired as this was the only material 








= 317 Ω 
A view was taken by the researcher that this material could be used to develop a viable heater 
fabrication process and to test the resultant heaters for consistency across the heater array. If 
these tasks were accomplished satisfactorily then another PCB could be fabricated once a 
lower resistivity material was available from the supplier. The resulting heaters should still 
function although a higher resistance value would also require a higher voltage supply. 
Therefore a similar manufacturing tolerance of 80 Ω as calculated in Section 6.1.1 was 
applied to the 317Ω to give an approximate target resistance range of 280 Ω to 360 Ω. 
The RTV-60-CON was dispensed at 50psi through a 27gauge taper plastic nozzle. Figure 85 




Figure 85: Nordson Pro 4L dispensing system filling prototype PCB with RTV-60-CON silicone sealant 
 
Two boards were filled with RTV-60-CON. One had the material injected followed by 
electrical testing with an Ohm meter to ensure that there was a connection between the 
common ground and the top connectors in each via. The second was filled, following by 
temporarily sealing the vias and directing and air blast down each via from the top of the 
board. It was hoped that the air blast would compress the RTV and ensure contact with the 
conductive areas on the side walls of the vias. The board was then tested to ensure electrical 
connectivity. 
 
6.2.2. RTV-60-CON conductive silicone slug heater- Run 
After filling the vias the resistance values were measured and recorded in Kiloohms 
immediately after injection to check for electrical continuity. The final resistance values for 
the heaters were tested once the silicone had fully cured after 12 days. Figure 86 shows the 
heater resistance values from the first board. The heater calculations in Section 5.1.2 
indicated that the heaters should have a target resistance value of 0.12kΩ to 0.20kΩ, however 
due to the higher resistivity material used to fabricate the heaters a revised target of 0.32 Ω 
was set. A manufacturing tolerance of 0.28Ω to 0.36Ω was applied to the heaters for purposes 
of developing the fabrication process. It was important to minimise the variation in the 
heaters because the control electronics were only capable of supplying the individual heaters 
with the same power. A large variance in the heater resistance would result in inconsistent 
temperatures across the prototype marking device. Each heater is colour coded with respect to 
the manufacturing specification from the calculations: 
 Resistance values within the desired range of 0.28 Ω to 0.36Ω are shaded green 
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 Heaters with too low a resistance are orange 
 Heaters with too high a higher than required resistance are shaded red 
Figure 87 shows the heater resistance values from the board that was filled followed by an air 
blast. Heaters with no reading are left blank and it was hypothesised that electrical contact 
was not made between the top and bottom connector in the PCB 
 
 
Figure 86: Heater resistance values for first PCB with RTV-60-CON silicone after 12 days curing 
C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12
R1 9.44 3.08 1.14 1.39 5.88 1.61 1.72 9.15 1.46 14.7 1.31
R2 16.8 11.4 4.95 1.55 7.31 5.17 3.01 4.03 4.99 12.3
R3 12.7 9.86 4.94 4.88 3.46 3.24 9.5 4.02 6.88
R4 2.49 3.01 14.2 3.5 3.12 3.07 11.4 2.64 3.83 1.14 1.26 1.75
R5 1.47 1.37 1.7 20.2 2.43 1.41
R6 1.13 1.31 1.78 1.11 1.31 9.56 1.32 7.19 1.24 1.32 1.93 7.78
R7 1.86 1.58 1.24 1.24 1.46 5.78 1.41 1.27 1.21 4.02 1.88
R8 1.28 1.83 1.19 1.63 1.74 2.44 2.23 2.41 1.22 1.5 17.5 3.08
R9 1.34 1.27 1.88 1.16 1.84 1.53 1.53 1.37 1.31 1.22 2.07
R10 1.32 1.26 1.35 1.17 1.21 1.58 1.97 1.14 1.46 1.22 1.27 1.76
R11 1.24 1.24 1.23 1.22 1.2 1.84 1.06 2.79 2.01 1.15 1.22 1.33
R12 1.44 1.52 2.28 1.88 2.95 1.42 1.42 1.95 1.7 1.37 2.1
Good heater (within target range of ≥ 0.28kΩ And < 0.36kΩ)




Figure 87: Heater resistance values for first PCB with RTV-60-CON silicone and air blast after 12 days 
curing 
6.2.3. RTV-60-CON conductive silicone slug heater- Analyse 
The testing of the heater resistance values from the two boards yielded significantly different 
results. A summary descriptive statistical table of the resistance values is shown in Table 18. 
Table 18: Descriptive statistics for heater resistance value in Boards 1 and 2 after 12 days curing 
 
It can be seen from the table that only 129 of the 144 heaters in Board 1 are making an 
electrical connection between the common ground and the top connectors in their respective 
C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12
R1 0.84 1.07 1.31 1.11 0.99 1.13 1.82 1.06 1.26 1.26 1.17 1.03
R2 1.16 1.55 1.05 3.82 1.10 1.23 0.99 1.10 1.09 0.96 1.68 1.36
R3 1.13 1.78 1.12 1.22 1.94 1.03 0.95 1.05 1.63 1.02 1.07 1.07
R4 0.86 1.03 0.93 1.00 0.93 1.03 0.85 1.05 0.99 1.13 1.05 1.30
R5 1.01 1.18 1.04 0.93 1.52 0.82 1.17 1.14 1.92 0.97 1.15 0.91
R6 4.62 1.43 0.86 0.94 0.85 1.11 1.06 0.91 0.98 1.07 1.08 0.96
R7 1.04 1.11 0.98 1.92 1.01 1.00 1.45 0.93 1.25 1.01 0.98 1.86
R8 1.05 0.89 0.98 0.86 1.74 0.83 0.99 0.93 2.03 1.84 1.31 0.94
R9 1.04 0.88 1.00 0.99 1.07 0.98 1.66 1.03 1.06 1.25 1.11 1.26
R10 1.12 1.04 1.24 0.98 0.96 1.03 1.11 1.08 2.13 1.17 1.11 1.23
R11 1.09 1.93 1.24 1.04 1.23 1.71 1.04 0.86 1.03 1.32 1.09 1.11
R12 0.96 0.94 0.98 1.24 1.19 1.11 1.07 1.05 1.16 1.29 1.31 0.93
Good heater (within target range of ≥ 0.28kΩ And < 0.36kΩ)




































































































































Board 1 post cure 129 15 3.34 3.75 19.14 1.06 1.31 1.72 3.18 20.2 1.87
Board 2 post cure 144 0 1.26 0.45 3.8 0.82 0.99 1.07 1.24 4.62 0.25
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via compared to Board 2 where all 144 electrical connections are established. In Board 1 the 
mean resistance is 3.34kΩ with a standard deviation of 3.75kΩ compared to 1.26kΩ across 
Board 2 with a 0.45kΩ standard deviation. This highlights the importance of compressing the 
RTV-60-CON to ensure good connectivity. It can also be seen that the compression has a 
significant effect on the mean resistance of the heaters and across the heaters in the array.  
A boxplot for Board 1 and 2 resistance values is shown in Figure 88, this provides a better 
understanding of the distribution of the measured resistance values. One can clearly see that 
the distribution has a positive skew and out of the 129 successful electrical connections there 
are 17 resistance values that are outliers with a maximum recorded value of 20.2kΩ. 
Designing a control system for the actuator array that would be capable of handling this level 
of variation is not practical. 
 
Figure 88: Boxplot of resistance values for heaters in Board 1 and Board 2 
It can be seen from the results that a much tighter distribution of resistance values was 
achieved in the second board. There has also been a reduction in the maximum resistance 
value from 20.2kΩ to 4.62kΩ. However there are still a large number of outliers in the 
distribution (15 in total) which would indicate that there are still some issues with the process 




6.2.4. RTV-60-CON conductive silicone slug heater - Conclusion 
Despite the use of an automated dispensing robot and a premium dispensing unit the 
resistance values of the RTV-60-CON heaters in Board 1 are highly erratic. The process of 
injecting the material and allowing it to cure without any post processing will not form the 
basis of a reliable assembly system in the future. 
It is clear that a large source of the variable measured in the heater resistance values is due to 
the curing process itself. Ideally RTV-60-CON should cure while under compression so as to 
maintain good electrical contact. Due to the design of the PCB it would not be practical to 
achieve consistent pressure across each via while curing. 
The lack of a consistent manufacturing process for creating the heater array coupled with the 
large variability in the resistance values of the heater makes RTV-60-CON an unsuitable 
material for the marking device. For these reasons no further research will be conducted with 
this material. However, on a positive note it was possible to create an electrical connection 
between the common ground and the 144 top connectors using the resistive material 
demonstrating that the PCB design is viable if the correct material can be sourced. 
 
6.3. Experimental Phase 3 ED7500 slug heater 
ED7500 had been previously used in Experimental Phase 2 and was successful in creating a 
functional heater array; however the current drawn was high at 0.28Amps, far in excess of the 
desired range. This was due to the low resistivity of the ED7500. In this experimental phase 
the base ED7500 material was modified with a dielectric material to increase the resistivity of 
the material in an attempt to create a higher resistance heater. 
 
6.3.1. ED7500 slug heater - Build 
To create a heater according to the specifications as calculated in Section 6.1.1 it was 
necessary to alter the resistance of the base ED7500 material. This will reduce the current 
required to reach the melting range of the wax. ED7500 conductive paste can be mixed with a 
dielectric material produced by the same supplier thereby increasing its resistance. To 
determine the percentage of ED7500 and dielectric it was necessary to characterise the 
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material in varying compositions. This would enable the researcher to understand how the 
resistance of the ED7500 changed as dielectric was added and to identify where the 
percolation threshold for the material was. The percolation threshold is the point at which the 
material would switch from being conductive to insulating. 
Samples were prepared with varying percentages starting at 100% ED7500 and decreased in 
10% increments by weight with a corresponding increase in dielectric. The final sample had 
10% ED7500 and 90% dielectric. Ten grams of each sample were prepared and screen 
printed through a 62T polyester mesh screen. In total nine samples of each material were 
printed. 
The samples were flash cured at 120°C for 10 minutes followed by full curing in larger 
batches for 60 minutes at 200°C in a convection oven as per the manufacturer’s instructions. 
A Jandel four point probe was used to determine the sheet resistance of each sample. Four 
point probes use a long established technique to measure the average resistance of a thin layer 
or sheet. A schematic of how it works is shown in Figure 89. It passes an electrical current 
through the two outside probes (1 and 4) and the resultant voltage drop is measured across the 
two inner probes (2 and 3) (Ossila, 2020). 
 
Figure 89: Schematic of operating principle of a four point probe (Ossila, 2020) 
Bishop (2016) stated that if the probe spacing is constant and the conducting film thickness is 
less the 40% of the spacing and the edges of the film are more than 4 times the spacing 
distance from the measurement point, the average resistance of the film or the sheet 







  (Bishop, 2016; Miccoli et al., 2015; Smits, 1958; Valdes, 1954) 
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This more commonly simplifies to  











  (Smits, 1958) 
 
Using the four point probe each of the nine samples were probed in four orientations 90° 
apart using a forward and reverse current and the voltage was recorded. Figure 90 shows a 
graph of the calculated resistivity for the various sample materials.  
 
Figure 90: Resistivity of ED7500 for varying percentages of added dielectric 
For the purposes of manufacturing a heater using this material, it is preferable to use a 
material composition which does not reside on the steepest part of the curve. In this case it 
would be desirable to use a material with less than 60% dielectric. 
In this prototype the length of the heater slug has increased from 2.8mm in Experimental 
Phase 2 to approximately 4mm. However, approximately 2mm of the material is being used 
as the heating element, which is the section in the insulating FR4 region. The remainder of 
the material is contained within the common ground portion and the top connectors. The 






















Percentage of dielectric in ED7500 material




electrical connectivity and the increased number of layers to accommodate the traces for the 
top connectors. This resulted in a substantial increase in the volume of ED7500 which needed 
to be cured.  
In Experimental Phase 2 a heater array was created with ED7500 by squeegeeing material 
into the vias and curing as per the product data sheet. The same method was used in this build 
phase. The heater calculations from Section 6.1.1 indicated that a material with a resistivity in 
the range of 1.7Ω.cm to 2.9Ω.cm would result in the required resistance heater, using Figure 
90 it can be determine that a 50%ED7500 and 50% dielectric mix should give a resistance 
close to the desired level. A sample was prepared and squeegeed directly into the back of the 
vias until a sufficient depth was reached and cured for 60mins at 200°C as per the 
manufacturer’s recommendation. 
 
6.3.2. ED7500 slug heater - Analyse 
The build process for the ED7500 slug heaters proved unsuitable for the new format PCB and 
as a consequence no electrical testing was completed. At the top of the heater slug a large 
void formed covered with a thin layer of cured ED7500 in the shape of a hemisphere as 
shown in Figure 91. 
 
Figure 91: Void formation in ED7500 heater slug post curing 
Void in heaterThin layer of ED7500 
covering void in heater
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It appears that during the curing process the top surface cured and prevented the remaining 
solvent from escaping from the heater material. The evaporated solvent was subsequently 
trapped under a thin layer and formed a void in the heater. This would be undesirable from an 
operational point of view and would lead to unpredictable performance. 
The ED7500 materials safety data sheet stated that the material contained 1-5% phenol and 
<1% methanol. The supplier had indicated that total solvent content was approximately 5%. 
However it could be observed that shrinkage of greater than 5% was occurring when the 
material was being cured. Upon further investigation with the supplier it was determined than 
another volatile, Ethyl Di Glycol was also present in ED7500 at approximately 10% but this 
did not need to be stated on the MSDS as there are no declared hazards associated with it. 
 
6.3.3. ED7500 slug heater - Conclusion 
Due to the issues relating to curing thick sections of ED7500 it was deemed not suitable for 
use in this format. No further research will be conducted on curing slug heaters of ED7500 
using the process outlined in Section 6.3.1. 
 
6.4. Experimental Phase 3 reduced solvent ED7500 slug heater 
The prototype build detailed in Section 6.3.1 used ED7500 and dielectric as supplied by the 
manufacturer. ED7500 can be used to create thick cross section component but this requires 
thin layers to be applied to a substrate with flash curing between each layer to evaporate the 
majority of the solvent. Once the required thickness is achieved a final curing cycle can be 
carried out using the normal parameters. However creating the heater in this way was not 
possible due to the PCB configuration. 
 
6.4.1. Reduced solvent ED7500 slug heater - Build 
In an effort to address the issue of the high solvent composition of the ED7500 an experiment 
was conducted to reduce the percentage of solvent prior to filling the PCB followed by a 
standard curing process. This would have an added effect of increasing the viscosity which 
would make it suitable for injection using the same equipment used with the RTV-60-CON 
trials. A sample of 10g of 50%ED7500 and 50% dielectric by weight was prepared. The 
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sample was placed in a vacuum chamber to evacuate a percentage of the solvent until a 
similar viscosity to the RTV60-CON was achieved (approximately 45,000cps). Using the 
Nordson Pro 4L and Ultimus V, the material was injected into a PCB through the common 
ground as described in Section 6.2.1. The PCB was cured for 60mins at 200°C.  
 
6.4.2. Reduced solvent ED7500 slug heater - Run 




Figure 92: Resistance values for ED7500 heaters after curing 
C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12
R1 13.1 2.59 0.93
R2 15.9 2.84
R3 0.86 2.86 3.21 2.74 5.15 4.03
R4 0.88 1.84 2.64 11.7 6.71
R5 1.19 4.31 6.09 4.8
R6 1.19 2.53 2.27 3.25 4.19 8.03
R7 1.05 1.55 7.03 5.82
R8 13.2 13.2 2.22
R9 0.88 3.06 6.58 1.76
R10 1.24 16.6 2.11 4.24
R11 2.87 9.23 3.43 3.91
R12 1.06 1.34 9.19 14.3 1.77 5.05 1.33 3.57
Good heater (within target range of ≥ 0.12kΩ And < 0.20kΩ)
Bad heater (resistance less than 0.12kΩ or greater than 0.20kΩ)
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6.4.3. Reduced solvent ED7500 slug heater - Analyse 
The ED7500 slug design was unsuccessful. Reducing the viscosity of the material, injecting it 
into the vias followed by curing resulted in extremely inconsistent results. Using this method 
only 53 of the 144 heaters created an electrical connection and all of them were a higher 
resistance than required. 
 
6.4.4. Reduced solvent ED7500 slug heater - Conclusion 
Using ED7500 material to create a thick slug of material is not practical and yields 
inconsistent and unreliable results. No further research on created slug heaters with ED7500 
will be conducted. 
 
6.5. Experimental Phase 3 ED7500 sleeve heater 
The difficulties with the previous prototypes in Experimental Phase 3 largely centred around 
curing the heater material while creating a good electrical connection with the top heater 
connectors and the common ground. In Section 6.2 it was not possible to create a good 
electrical contact as well as the resistance being too high and in Sections 6.3 and 6.4 it was 
difficult to cure large volumes of the ED7500 due to the solvent content. The fabrication of 
the heaters in the PCB would require a different approach. 
 
6.5.1. ED7500 sleeve heater- Design 
The electrical contacts for the PCB heaters are in the form of cylindrical rings and not 
endcaps as would be typical for resistors as shown in Figure 93. It was hypothesis that this 
format of electrical connection could result in a large proportion of the centre of the resistive 
heater being redundant. If this was the case then creating a sleeve resistor on the side walls of 
the vias could present a viable alternative to the slug heaters and eliminate the requirement to 




Figure 93: Simplified view of heater configuration in prototype PCB board 
It was hypothesised that the current would flow through the heater material by taking the path 
of least resistance. In this circumstance it would be reasonable to assume that the centre of 
the heater would not be used or at least have a minimal heating effect. In this case changing 
the heater design to a thin walled sleeve may alleviate the issues encountered when curing a 
slug of material. The proposed new design is shown in Figure 94. 
Electrical contact on 
side wall of via forming 




Electrical contact on 
side wall of via forming 





















Figure 94: Heater sleeve design for Experimental Phase 3 prototype 
The heater sleeve design would offer a number of benefits the primary one being the ability 
to cure a thin layer of ED7500. Secondary advantages would include: 
1. Faster phase change due to the heater enveloping the paraffin wax  
2. A reduction in board thickness since the wax would now fill the entire via and not just 
the upper section, this would also broaden the pool of potential PCB manufacturers 
3. Lower power consumption for the same response time as a result of the heater 
completely enveloping the paraffin wax resulting in faster heater transfer.  
 
6.5.2. ED7500 sleeve heater 50% ED7500 / 50% Dielectric – Build 
A sample of 50%ED7500 and 50% Dielectric was prepared and injected into a selection of 
vias in a PCB. Once all vias were completely filled, compressed air was used to blow out the 
excess material in the vias leaving a thin coating of ED7500 on the side walls. The board was 
cured for 60 minutes at 200°C in a conventional oven. The manufacturing method resulted in 




















Figure 95: Actual cross section with ED7500 heater sleeve 
Once cured a copper plate was bonded to the common ground on the board with 3M Scotch-
Weld
TM
 DP 760 structural adhesive to act as an interface with a Peltier cooling module. The 
PCB and Peltier were mounted on a copper block to conduct the heat away from the PCB. 
This assembly was in turn secured to a large aluminium heat sink with cooling fans to 




















Figure 96: PCB assembly with aluminium heat sink 
 
6.5.3. ED7500 sleeve heater 50% ED7500 / 50% Dielectric – Run 
A heater sleeve was tested by passing a current through the resistive heater and recording the 
temperature the heater via reach with a K-type thermocouple. Due to the design of the board 
the temperature was recorded at the top of the heater via, this will give an indication of the 
heater temperature but not an exact reading due to the cooling plane in the middle of the 
board positioned at Layer 2 (see Section 6.1 for more detail on the cooling plane and PCB 
layer stack-up). With the heat loss in the upper half of the vias due to the cooling plane it is 
anticipated that the current and voltage settings will be higher than required for a completed 
prototype. However all temperatures will be taken in the same manner so that a relative 
comparison can be made. Conducting the testing in this way will provide a very strong 
indication if the heater sleeve design is able to reach the desired melting temperature range. 
Importantly it will also be possible to determine the temperature differential between an 
active heater and an adjacent one. 
To limit the heat transfer from one heater to another and to reset the temperature of the 
heaters a 3.6V, 9W Peltier cooler module from European Thermodynamics (APHC-013104-
S) was attached to the bottom of the heater array with a thin layer of Aavid Thermalloy 
Thermalcote
TM
 1 thermal paste with a thermal conductivity of 0.765W/mK. 
Integrated PCBHeat Sink Cooling Fans
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The Peltier cooler module served a number of purposes: 
1. It limited heat transfer from an active heater to any adjacent ones thereby ensuring a 
temperature differential, this was important so that the adjacent heaters do not reach 
the melting range of the actuator wax and create a “false actuation” 
2. It could be used to set a baseline temperature for the board which it will return to once 
all the heaters are turned off, this will provide a stable known temperature and a 
predictable differential to the melting range. 
3. It could be used to rapidly cool the array to reset all the actuators when changing from 
one 2D Data Matrix code to another one. 
Using an EL302RD variable power supply from AIM TTi Instruments a voltage was applied 
across a single actuator for all the electrical tests. The voltage ranged from 5V DC to 30V DC 
in 5V increments. Using the variable power supply it was possible to take a reading of the 
current for each applied voltage and from there determine the resistance of the heater being 
activated using Ohm’s Law. From this the power being applied can be calculated. The 
thermocouple was used to measure the temperature response for a give power usage. The 
testing was conducted at two set points for the Peltier and at a room temperature of 21°C. The 
temperatures of the active heater and five adjacent heaters are recorded in Table 19. 
Table 19: Temperature of active heater and five adjacent heaters for 50% ED7500 
 
Voltage Current Resistance Power Setpoint Active Heater Temp. 1 Temp. 2 Temp. 3 Temp. 4 Temp. 5
(V) (I) (Ω) (W) (°C) (°C) (°C) (°C) (°C) (°C) (°C)
5 0.008 625 0.040 15 17 16.5 16 17 17 17
10 0.016 625 0.160 15 19 18 18 18 18 18
15 0.025 600 0.375 15 22 21 20 21 21 21
20 0.036 556 0.720 15 28 26 25 26 25 26
25 0.046 543 1.150 15 39 33 31 33 31 33
30 0.055 545 1.650 15 50 41 38 41 38 41
5 0.0075 667 0.038 20 21 20 20 20 20 20
10 0.016 625 0.160 20 23 22 22 22 22 22
15 0.025 600 0.375 20 28 26 25 26 25 26
20 0.035 571 0.700 20 34 30 29 30 29 30
25 0.044 568 1.100 20 41 36 34 36 34 36
30 0.049 612 1.470 20 50 43 41 43 40 43
Peltier cooler module setpoint temperature
Temperature of active heater
Temperature of adjacent heaters start at the one directly under the active heater and working clockwise
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6.5.4. ED7500 sleeve heater 50% ED7500 / 50% Dielectric – Analyse 
The ED7500 heater sleeve design marks a step change in fabrication process when compare 
to the slug ED7500 and the RTV-60-CON material. The use of ED7500 has enabled a unique 
design of heater to be fabrication. The material also offers a great deal of flexibility when 
making the heaters as the resistance can be adjusted by varying the percentage of ED7500 
and dielectric used. 
Examining the data from the testing it can be seen that there is very little difference in the 
performance of the actuator with the change in peltier temperature set point. Both achieved 
approximately the same temperatures for similar power usage. There are a number of results 
to note from the testing: 
1. At 30V and a peltier set temperature of 15°C it was possible to reach 50°C, exceeding 
the melting range temperature by 2°C.  
2. The power usage at 50°C was 1.65W at 30V DC and 0.055A, this is in comparison to 
the first PCB testing in Section 5.1.4 where 52°C was achieved using 3.89V at 
0.252A. While the power requirement is higher the current usage is lower which is 
more desirable in relation to the drive electronics. 
3. At 15°C set point, the active heater is 50°C, the hottest adjacent via temperature 
recorded was 41°C which is 5°C under the melting range of the paraffin wax being 
used. A similar result was achieved with the higher peltier set point. 
4. One can see that the resistance recorded changes with the temperature of the heater. 
Taking an average of the resistance values recorded across the range of temperatures 
the heater would have an approximate resistance value of 595Ω against a target range 
of 120Ω to 202Ω. The higher resistance value required less current and higher voltage 
to create Joule heating. While it is desirable to have a lower current requirement the 
voltage used in this testing was 30V DC however the drive electronics designed to run 
the board is limited to 25V peak rectified sine wave. To address this, the resistance of 
the heater will need to be reduced; this will result in a lower voltage requirement but a 
higher current usage. That said it is important to note that the response being 
monitored is a temperature measurement at the top of the actuator which is not an 
accurate reading. It is likely that the power required in the final prototype will differ 




6.5.5. ED7500 sleeve heater 50% ED7500 / 50% Dielectric – Conclusion 
The testing shows that the heater sleeve design is viable, however the resistance must be 
closer to the target value of 205Ω. 
 
6.5.6. ED7500 sleeve heater 60% ED7500 / 40% Dielectric – Build 
A sample of 60% ED7500 and 40% Dielectric was prepared and injected into three rows of 
vias in PCB using the same process outlined in Section 3. 
 
6.5.7. ED7500 sleeve heater 60% ED7500 / 40% Dielectric – Run 
The same setup was used for testing the PCB as used in Section 6.5.3. As this should have a 
resistance value closer to the target a wider range of setting were used to gain a greater 
understanding of the heater performance. The peltier set point temperature ranged from 10°C 
to 25°C in increments of 5°C. The unit was also tested with no peltier temperature control. 
The voltage ranged from 5V DC to a maximum of 20V DC typically in 5V increments; in 
some situation intermediated voltages were also tested. The resistance of the heater was 
probed using an Ohm meter and one close to the target of 205Ω was selected. As before, the 
via temperature of the active heater was recorded. In this test the temperature of the 





Table 20: Temperature of active heater and eight adjacent heaters for 60% ED7500 
 
 
6.5.8. ED7500 sleeve heater 60% ED7500 / 40% Dielectric – Analyse 
The electrical testing showed that the 60% ED7500 material can be used to create a heater 
capable of reaching and surpassing the melting range of the paraffin wax. There are a number 
of observations to note: 
1. The use of the lower resistivity material has resulted in a large drop in the heater 
resistance. The heater tested had an average resistance of 204Ω across all the tests 
against a target range of 120Ω to 202Ω. This has lowered the required voltage but 
increased the current demand to run a heater. 
2. It can also be seen that the setpoint on the peltier cooling module has an effect on the 
power requirement to reach the melting temperature range. At a low set point of 10°C 
a power of 1.717W (17V and 0.101A) was required to reach 54°C whereas at a higher 
set point of 25°C a power of 1.185W (15V and 0.079A) is sufficient. The importance 
Voltage Current Resistance Power Setpoint Active Heater Temp. 1 Temp. 2 Temp. 3 Temp. 4 Temp. 5 Temp. 6 Temp. 7 Temp. 8
(V) (I) (Ω) (W) (°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C)
5 0.023 217 0.115 10 15 14 14 14 14 15 15 15 14
10 0.05 200 0.500 10 24 20 19 20 19 20 20 21 19
15 0.085 176 1.275 10 43 33 30 35 31 34 32 35 31
17 0.101 168 1.717 10 54 41 37 42 37 41 38 43 37
5 0.021 238 0.105 15 19 18 18 19 19 19 19 19 18
10 0.044 227 0.440 15 26 23 22 24 23 24 23 24 23
15 0.069 217 1.035 15 39 33 30 33 31 32 31 33 30
20 0.09 222 1.800 15 60 46 42 48 42 46 44 49 43
5 0.019 263 0.095 20 23 21 21 22 22 22 22 22 22
10 0.043 233 0.430 20 29 27 26 27 26 27 26 27 26
15 0.07 214 1.050 20 44 37 35 38 35 37 35 38 35
20 0.095 211 1.900 20 65 52 49 55 48 51 50 55 50
5 0.024 208 0.120 25 27 26 26 26 26 26 26 26 26
10 0.05 200 0.500 25 35 32 30 32 30 31 31 32 31
15 0.079 190 1.185 25 51 43 40 43 40 42 41 44 40
17 0.092 185 1.564 25 59 50 46 50 44 48 46 51 46
19 0.101 188 1.919 25 68 55 51 57 50 56 51 57 51
5 0.024 208 0.120 None 29 28 27 28 28 28 28 28 28
10 0.05 200 0.500 None 37 35 34 35 34 35 34 35 34
15 0.08 188 1.200 None 56 49 47 50 47 49 47 51 47
17 0.093 183 1.581 None 68 58 54 58 54 57 54 58 54
19 0.114 167 2.166 None 86 71 66 72 64 68 65 72 65
Peltier cooler module setpoint temperature
Temperature of active heater
Temperature of adjacent heaters start at the one directly under the active heater and working clockwise
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of the peltier control can be seen when looking at the testing where no temperature 
control was applied when a voltage of 17V and a current of 0.093A resulted in a 
temperature of 68°C far in excess of the upper end of the melting range (48°C) but the 
adjacent heaters also had temperatures in excess of 50°C. In this situation all eight 
surround actuators would activate even though no power is being applied to them. 
3. With some conditions it was possible to achieve a temperature to exceed the higher 
limit of the melting range with the active heater while maintain a sufficient 
temperature differential with the neighbouring actuator vias so that they do not exceed 
the lower limit of the melting range. At 17V and 0.101A with a peltier set point of 
10°C the active heater was 54°C and the minimum temperature differential with the 
adjacent vias was 11°C. This is more than sufficient to activate an actuator and not 
cause the surrounding ones to activate too. 
 
6.5.9. ED7500 sleeve heater 60% ED7500 / 40% Dielectric – Conclusion 
The decreased resistivity material yielded a lower resistance heater as expected and 
marginally exceeded the upper end of the target resistance range of 1210 Ω to 202Ω. It was 
concluded that a final prototype board should be prepared using 65% ED7500 with 35% 
Dielectric for the heater material. It was the view of the researcher that this should decrease 
the resistance further in an attempt to achieve a resistance closer to the middle of the target 
range. 
 
6.6. Experimental Phase 3 Wax Actuator Filling 
To complete a final integrated PCB prototype build the issue of filling the wax actuators had 
to be address. Ogden et al. (2013) identified this as a knowledge gap in the current literature 
in a review paper stating in relation to paraffin wax actuators that “Paraffin deposition is one 
of the main fabrication issues that needs to be addressed”. 
It is relatively simple to fill any actuator cavity with liquid paraffin wax however the 
subsequent volume collapse on solidification poses a problem. Carlen and Mastrangelo 
(2002) used thermally evaporated paraffin to manufacture their prototype device. This 
technique would require any area around the actuator to be masked to prevent contamination. 
This method may have been suitable for a thin single actuator which Carlen and Mastrangelo 
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(2002) manufactured on the surface of a silicon substrate, however it may be very difficult to 
implement for a close packed actuator array with deep holes (in relation to their diameters) 
which is being develop in this research. Others such as Lee and Lucyszyn (2005b) filled the 
actuator with liquid paraffin followed by topping up the actuator once the paraffin had cooled 
and contracted. This would not be a desirable method for the prototype PCB due to the scale 
of the actuators and the fact that there is still no guarantee that the correct volume of wax has 
been deposited in each actuator in the array. 
Klintberg et al. (2003) approached the problem by submerging the whole actuator in melted 
paraffin wax and allowing it to cool. After solidification the most of the excess material was 
removed mechanically followed by chemical removal with ligroin. As with the previous 
method there are some disadvantages with Klintberg’s procedure. Allowing the wax to 
contaminate the entire surface of the PCB prior to soldering components on to it would not be 
desirable and would introduce an added cleaning requirement for electrical connections, 
alternatively a method of masking sensitive areas would need to be developed. 
Another issue which all the methods fail to address is the ability to fill blind holes with a 
large depth to diameter ratio. The vias in the PCB are 0.5mm on the top surface increasing in 
diameter to 0.8mm at the bottom and are approximately 7mm deep. Attempting to fill this by 
submerging would likely result in air being trapped in the vias. Achieving a completely filled 
actuator array with thermal evaporation is also unlikely. The literature did not present a 
suitable solution to filling deep blind hole with paraffin wax. A new method will need to be 
developed to overcome this knowledge gap. 
 
6.6.1. Wax Actuator Filling - Design 
The researcher proposed an alternative method to provide a solution to the issues relating to 
wax filling as shown in Figure 97. 
1. The vias of the Integrated PCB would be coated with a 65%ED7500 and 35% 
Dielectric heater material 
2. A temporary wax reservoir would be clamped to the surface of the PCB and placed 
inside a heat vacuum chamber. As the air is evacuated from the chamber the molten 
wax will fill the via holes in the PCB. Once the actuator array is filled with wax it can 
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be left to cool under vacuum before it is removed and the excess wax cleaned off the 
surface 
3. The membrane interface can then be machined into the top surface of the PCB as per 
the process previously developed in Section 5.2.3 
4. The membrane can be applied and allowed to cure 
 
Figure 97: Proposed method for filling wax actuators in Integrated PCB 
 
6.6.2. Wax Actuator Filling- Build 
A vacuum chamber which can be heated by a hotplate was fabricated and fitted with a 
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Figure 98: Vacuum chamber setup for fill wax actuators 
A temporary wax reservoir was also manufactured which could be clamped onto the surface 
of the PCB as shown in Figure 99. The clamp had a Dow 734 PDMS seal on the mating 
surface with the PCB to prevent wax leaking during the filling process. Figure 100 shows the 
wax reservoir clamped to the surface of a prototype Integrated PCB. 
 






Figure 100: Temporary wax reservoir clamped to top surface of PCB 
To fill the vias air is evacuated from the chamber by means of the hand pump and the 
temperature is raised to the paraffin wax melting range using a hotplate. As there was no air 
in the chamber the liquid wax would fill the blind holes in the PCB. The vacuum also served 
the purpose of evacuating any entrapped gasses in the paraffin wax. Once the actuator array 
was full and the wax fully degassed it was allowed to cool under vacuum. Any subsequent 
volume collapse of the wax in the actuators would be filled by the reservoir of wax above it.  
Due to the expense of the Integrated PCBs the process was tested on a sample piece of acrylic 
which was machined with a 5mm deep wax reservoir in the top surface for holding liquid 
paraffin wax and 2 blind holes Ø0.6mm and ~4mm deep.  
 
6.6.3. Wax Actuator Filling – Run 
The pocket was filled with pieces of solid wax and the sample was placed in the vacuum 
chamber. A vacuum was pulled on the chamber to evacuate the air and the temperature was 
raised to the wax melting point. Once the vias were filled the hotplate was turned off and the 
wax was allowed to solidify under vacuum. Figure 101 shows an enlarged view of a portion 
of the sample block with the filled blind holes. 




Figure 101: Paraffin wax filled acrylic test block with Ø0.6mm blind hole 
6.6.4. Wax Actuator Filling – Analyse 
The process of using the heated vacuum chamber to fill the blind holes was successful. This 
will allow the wax actuators in the Integrated PCB to be completely filled and any excess 
wax can be removed after wax solidification and volume collapse.  
 
6.6.5. Wax Actuator Filling - Conclusion 
The process outlined addresses the issues raised by Ogden et al. (2013) regarding insufficient 
wax filling in phase change actuators. 
 
6.7. Experimental Phase 3 Summary 
At the start of Experimental Phase 3 a number of knowledge gaps still remained. An 
appropriate heater system had to be developed along with a method for filling the wax 
actuators. 
The work completed during the Phase resulted in a unique design of heater for the use in a 
phase change paraffin wax actuators. The testing conducted in Section 6.5 showed that the 
heater was capable of reaching temperatures to melt the selected paraffin wax. The use of a 
PCB as a platform for the fabrication of an array of vertical heater sleeves which could 
envelope the paraffin wax was completely unique and had not appeared in any of the current 
literature. This was confirmed by the European Patent Office International Searching 


















application number PCT/EP2019/062354). The written opinion of the International Searching 
Authority stated: 
“… the heating element comprises a vertical heating element, wherein the vertical heating 
element envelops the phase change material, and is therefore new” 
 
“The solution to this problem proposed in Claim 1 of the present application is considered 
as involving an inventive step (Article 33(3)PCT) for the following reason: 
The use of a vertical heating element, wherein the vertical element envelops the phase 
change material in a device for marking a moulded form with patterning is neither 
disclosed nor suggested in the available prior art.” 
 
With a successful heater array developed the last remaining knowledge gap to address from 
the literature was the filling of the actuators with paraffin wax. This was achieved by using a 
heated vacuum chamber to evacuate the air from the vias and allowing them to fill from a 
reservoir of liquid paraffin. As the wax cools the shrinkage in the actuator wax was 
compensated by the excess wax in the reservoir. 
With these two technical challenges overcome it was possible to use the processes that had 





7. Final Prototype - Data Matrix Board  
Experimental Phase 1-3 focused on prototypes designed to test engineering concepts aimed at 
filling knowledge gaps identified in the literature review. The knowledge gained in these 
phases will be combined to fabricate a final prototype which will be integrated into a wax 
mould. The device will be tested under standard process conditions for wax injection 
moulding to determine if the proposed technology can create simple dot pattern identifiers on 
wax investments. The final prototype will be referred to as the Data Matrix Board. 
 
7.1. Data Matrix Board – Design 
The Data Matrix Board final prototype design will incorporate the successful elements from 
Experimental Phase 2 and 3. The completed device will use the following design features: 
1. Integrated PCB design from Section 5.1.1 
2. Sleeve heater from Section 6.5 
3. Slotted membrane interface from Section 5.2.3 
 
7.2. Data Matrix Board – Build 
A functional prototype of the Data Matrix Board was fabricated as following: 
1. A 10g sample of 65%ED7500 35% Dielectric was mixed and dispensed into the vias 
of an Integrated PCB. The excess material was blown out with compressed air and the 
board cured for 60 minutes at 200°C (as per the procedure in Section 6.5). 
2. A copper plate was bonded to the common ground of the board using a thin layer of 
3M Scotch-Weld
TM
 DP 760 structural adhesive 
3. At this point electrical testing was conducted on the board to ensure that all the 
heaters were functional and close to the target resistance value. The testing will be 
detailed in the Section 7.3.1. 
4. The wax reservoir was clamped to the surface of the PCB and placed inside the 
vacuum chamber. The air was evacuated and the temperature elevated to the melting 
range of the wax. The temperature was maintained until all the air was evacuated 
from the vias in the board to ensure they were completely filled.  The wax was 
allowed to cool under vacuum as was done in Section 6.6 
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5. The reservoir was removed along with any excess solidified wax on the PCB surface 
leaving a full filled array of wax actuators, a section of the filled array is shown in 
Figure 102. 
 
Figure 102: Fully filled wax actuators  
6. The membrane interface was slotted and the Dow 734 applied (as per the process 
developed in Section 5.2.3). 
7. Once completed, the Integrated PCB prototype can be connected to the control system 
that was designed by a fellow researcher. The completed assembly is shown in Figure 
103. 
 













7.3. Data Matrix Board – Testing 
Four sets of tests were conducted: 
1. Electrical testing carried out during the build process to ensure the heaters made 
electrical connection between the common ground plane and the top connectors in the 
Data Matrix Board Prototype 
2. An actuator was powered using a DC power supply without the use of the control 
system to determine how the Data Matrix Board power requirement compared to the 
calculated value 
3. Offline testing of the marking device connected to the control system before installing 
it in an injection mould 
4. Final application testing of the marking device in an injection mould to prove the 
operating principle of using a wax actuator array for creating an impression on a wax 
investment 
 
7.3.1. Data Matrix Board – Electrical testing 
The electrical testing comprised of using an Ohm meter to measure the resistance values of 
the heaters which were fabricated with the 65% ED7500 35% dielectric mix. The electrical 
testing was completed prior to the filling of the wax actuators or the application of the 
membrane. In this way the results from the electrical testing could be used to inform the 
selection of actuators for subsequent tests. 
 
7.3.2. Data Matrix Board – Individual actuators testing with DC power supply 
Three actuators having the same resistance value of 290Ω were selected for individual testing. 
Each actuator was powered directly by using an EL302RD variable power supply from AIM 
TTi Instruments. Starting at 5V the drive voltage was slowly increased until a visual response 
was observed from an actuator. Once a response was observed the voltage, current and 
actuation time were recorded. After the settings had been established they were repeated on 




7.3.3. Data Matrix Board – Offline testing 
Prior to insertion in a mould, the Integrated PCB and control unit was tested offline to 
establish if the actuator design is functional. A number of actuators were selected to establish 
if it is possible to actuate them without the added complication of heat from the injection wax 
or pressure from the injection moulding machine. The control electronics supplied a 25V 
peak fully rectified sine wave with trailing edge control which could be applied to the 
actuators in the Data Matrix Board. The control software interface enabled the user to input 
the percentage power being applied to active actuator; this in turn determined where the sine 
wave was terminated in its cycle.  Two patterns were tested at a Peltier set point of 25°C. The 
outcome measure for each test will be a pass / fail on target actuator activation and the 
percentage power required as determine by the control software. 
 
7.3.4. Offline testing – Pattern 1 
Seven actuators were selected based on their resistance values to provide a representative 
range of heater resistances across the board. The test would determine: 
1. If the actuator technology that had been proposed was viable 
2. How sensitive the performance of the actuators were to a range of resistance values 
The actuators selected for the first test pattern are shown in Figure 104. 
 
Figure 104: Pattern 1 with seven actuators 
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7.3.5. Offline testing – Pattern 2 
A second pattern shown in Figure 105 consists of eight active actuators surrounding a centre 
actuator which is not active. The test provided an indication of the heat transfer from active 
actuators to neighbouring ones.  
 
Figure 105: Actuator pattern 2, eight active actuators with middle one not active 
7.4. Data Matrix Board – Application testing 
Due to limited availability of the required injection moulding machine a short test programme 
was outlined. The prototype marking device was attached to an injection mould designed to 
interface with the Data Matrix Board and control assembly. The mould produced a small wax 
token that would include the dot pattern from the Data Matrix Board.  Testing was conducted 
between 5Bar and 30Bar pressure. The maximum injection pressure was determined by the 
capability of the machine, this pressure is also used to produce some components in the 
orthopaedic implant manufacturing process. However the target application is for knee 
implants which have a wax injection pressure of 17Bar. 
The focus of the testing was not to create a specific 2D data matrix code rather to prove the 
operating principle of the wax actuator array and determine if it can survive the harsh 
environment of an injection mould. Three dot patterns were attempted. The power supply 
used was a 25V peak rectified sine wave and the peltier set point was 25°C. 
The outcome measures for the applications test are a pass / fail criteria on sustained actuator 
extension during the injection moulding process and the percentage power required to 
achieve successful actuation. 
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7.4.1.  Application Testing – Pattern 1 
The testing with the first pattern shown in Figure 106 was used to determine the maximum 
injection pressure the marking device could sustain. Initial injection pressure was set to 5Bar 
which was gradually increased to 30Bar in 5Bar increments (the target pressure as per the 
specification in Section 2.3 was 17Bar with a stretch target of 30Bar). If the marking device 
survives subsequent patterns will be attempted at the maximum pressure sustained during the 
first test. 
 
Figure 106: Actuator pattern for first test 
7.4.2. Application Testing – Pattern 2 
In the second application test the same pattern detailed in Figure 104 (Section 7.3.4) was 
used. The test will be performed at the maximum pressure achieved in the testing in Section 
7.4.1. Another test with no injection pressure will also be performed. The purpose of testing 
with no pressure is to determine if the heat of the injection wax which is at 66°C will melt the 
actuator wax and cause more actuators to activate. This will test if the thermal insulation 
offered by the elastomeric membrane will be sufficient to keep the temperature of the 
actuator wax under the melting range of 46°C - 48°C. 
 
7.4.3. Application Testing – Pattern 3 
The third test is designed to inform the researcher if having a number of actuators active in 
close proximity will lead to a rise in the base temperature of the board. If this is the case the 
base temperature of the actuator wax will also rise and less power will be required to actuate 















a group of actuators. Nine actuators in the format shown in Figure 107 will be tested and the 
power will be recorded. 
 
Figure 107: Actuator pattern for third test 
The test will be performed at the maximum injection pressure achieved during the testing 
outline in Section 7.4.1. The outcome measure will be a pass / fail on actuator activation and 
the percentage power required. 
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7.5. Data Matrix Board  - Results 
7.5.1. Data Matrix Board - Electrical Testing Results 
The resistance of each heater was measured with an Ohm meter and recorded. The heater 
calculations indicated a target resistance range of 120Ω to 202Ω was required. The average 
heater resistance was greater than the target range at 260Ω, however the consistency across 
the heaters is of more importance and is within an acceptable range to create a functional 
device; Figure 108 shows the resistance of each of the heaters. 
 
Figure 108: Heater resistance values for heater sleeve ED7500 after curing 
 
7.5.2. Data Matrix Board - Individual Actuator Testing with DC Power Supply 
Using an EL302RD variable power supply from AIM TTi Instruments a voltage was applied 
until a visual response was observed from the actuator being powered. The current was 
C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12
R1 0.22 0.23 0.23 0.23 0.24 0.23 0.24 0.23 0.25 0.23 0.24 0.23
R2 0.24 0.25 0.25 0.24 0.25 0.24 0.26 0.25 0.25 0.25 0.27 0.25
R3 0.24 0.24 0.29 0.29 0.26 0.26 0.27 0.23 0.27 0.28 0.26 0.24
R4 0.23 0.25 0.26 0.26 0.28 0.25 0.27 0.29 0.26 0.28 0.24 0.25
R5 0.23 0.24 0.26 0.27 0.26 0.28 0.26 0.27 0.25 0.25 0.27 0.24
R6 0.22 0.24 0.24 0.27 0.27 0.23 0.24 0.24 0.24 0.26 0.25 0.25
R7 0.24 0.24 0.24 0.26 0.27 0.29 0.25 0.26 0.25 0.25 0.24 0.25
R8 0.23 0.25 0.25 0.26 0.25 0.25 0.25 0.27 0.24 0.26 0.25 0.24
R9 0.25 0.23 0.25 0.26 0.26 0.27 0.24 0.26 0.26 0.27 0.25 0.25
R10 0.24 0.26 0.27 0.29 0.26 0.28 0.31 0.30 0.27 0.26 0.27 0.26
R11 0.25 0.27 0.31 0.29 0.31 0.32 0.30 0.29 0.30 0.31 0.29 0.27
R12 0.24 0.30 0.27 0.34 0.30 0.35 0.29 0.29 0.28 0.28 0.34 0.29
Good heater (within target range of ≥ 0.12kΩ And < 0.20kΩ)
Bad heater (resistance less than 0.12kΩ or greater than 0.20kΩ)
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recorded from the power supply. Settings recorded for actuating a single actuator with a DC 
power supply are shown in Table 21. 
 
Table 21: Voltage and current settings for individual actuator test with DC power supply 
Voltage 14.75V 
Current 0.051mA 
Average Time ~5seconds 
 
To calculate theoretical Actuation Time  
𝐴𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (𝑠𝑒𝑐𝑜𝑛𝑑𝑠) =  




Energy required raising wax temperature from mould operating temperature to melting range 
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑊𝑎𝑥 (𝑔) = 𝜋 × 0.32 × 7.4 × 0.0004 = 0.000837 𝑔 
𝐸𝑛𝑒𝑟𝑔𝑦 ∆𝑇(𝐽𝑜𝑢𝑙𝑒𝑠) =  0.000837 × 2.22 × 31 = 0.0576 𝐽 
𝐸𝑛𝑒𝑟𝑔𝑦 𝐹𝑢𝑠𝑖𝑜𝑛(𝐽𝑜𝑢𝑙𝑒𝑠) =  200 × 0.000837 = 0.1674𝐽 
 
𝐸𝑛𝑒𝑟𝑔𝑦 𝑇𝑜𝑡𝑎𝑙(𝐽𝑜𝑢𝑙𝑒𝑠) =  𝐸𝑛𝑒𝑟𝑔𝑦∆𝑇 + 𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑢𝑠𝑖𝑜𝑛 
𝐸𝑛𝑒𝑟𝑔𝑦 𝑇𝑜𝑡𝑎𝑙(𝐽𝑜𝑢𝑙𝑒𝑠) =  0.0576 + 0.1674 = 0.225𝐽 





The required power as determine from DC power supply: 
𝑃 =  𝐼2𝑅 = 0.0512 × 290 = 0.754𝑊 
∴ 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝐴𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒 (𝑠𝑒𝑐𝑜𝑛𝑑𝑠) =
0.225
0.754




7.5.3. Data Matrix Board - Offline Testing Results 
Offline testing for Pattern 1 successfully actuated all seven actuators and required a power 
setting of 14% using a 25V peak rectified sine wave power supply. Figure 109 shows an 
image of the seven activate actuator during the testing. 
Figure 109: Actuator response for Offline Testing – Pattern 1 
The second offline test with Pattern 2 was also successful as shown in Figure 110 it was 
possible to activate eight actuators in a square pattern with the middle actuator remaining 
inactive. The power was set at 8% and used a 25V peak rectified sine wave power supply. 




Figure 110: Actuator response for Offline Testing – Pattern 2 
7.5.4. Data Matrix Board - Application Testing Results 
Ten injection trials were carried out using the first test pattern. Pressures ranged from 5Bar to 
30Bar in 5Bar increments. As the maximum pressure on the moulding machine of 30Bar was 
achieved in the first round of testing this pressure was used for the next two patterns. A 
summary of the results showing the actual pressure reached during testing along with the 
power required for the Data Matrix Board are shown in Table 22. 
  
Eight Actuated Actuators
Centre actuator not active
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Table 22: Application test results 
 
NOTES:  
Trial #1: Unable to determine pressure reading from injection moulding machine 
Trial #4: Incomplete fill of test mould 
Trial #11: Wax escaped from injector nozzle and therefore actual pressure reading was low 




The moulding process in the application test produced a number of small wax tokens which 
were moulded against the face of the Data Matrix Board. Figure 111 shows a sample 
moulded with Pattern 2 with no injection pressure. All seven actuator remained active during 
the moulding process and produced an approximate dimple size in the wax token of 0.8mm. 
Figure 112 shows the wax token moulded at a machine pressure of 16.6Bar (close to the 
17Bar target). In this test the three active actuators remained extended throughout the 
Test Parameters Outcome Measures
Trial # Pattern Injection Pressure Peltier Set Point Actual Pressure Baseline Power (%)
1 1 5 25 - 10
2 1 10 25 4 10
3 1 10 25 10 12
4 1 15 25 5 12
5 1 15 25 15.5 12
6 1 20 25 16.6 12
7 1 20 25 20.3 12
8 1 25 25 24.9 12
9 1 30 25 27 12
10 1 30 25 28 12
11 2 30 25 18 14
12 2 30 25 29.5 14
13 3 30 25 - 5
14 3 30 25 29 5
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injection moulding process. A similar dot size of approximately 0.8mm was also produced in 




Figure 111: Sample moulding with Pattern 2 with 
no injection pressure 
Figure 112: Sample moulding with Pattern 2            




Impression in wax 
from actuator
0.8mm




7.6. Data Matrix Board - Discussion 
The mean resistance of the 65% ED7500 / 35% Dielectric sleeve heaters in the prototype was 
260Ω against a calculated target of 120Ω to 202Ω. The resistance ranged from 215Ω to 
346Ω. There are a number of possible causes for the measured variation: 
1. Inconsistency in the back drilling depth when manufacturing the PCB 
2. Variation in the heater sleeve thickness 
The inconsistency in the resistance values shows that the heater fabrication process needs 
further optimisation work to reduce the variation across the 144 heaters; this will be discussed 
further in Section 8. However, while the mean resistance was higher than the desired target 
the most important aspect is to have low variation across all the heaters so that the actuators 
will respond to the same applied power. 
In this case the variation across the board was considerably better than any of the previous 
attempts at fabricating heaters. With the conductive silicone the lowest variation recorded 
was a range of 3800Ω with a minimum resistance of 820Ω and a maximum of 4620Ω. This is 
in comparison to the Data Matrix Board which had a resistance range of 131Ω. With further 
process optimisation and control this should be possible to improve. Even with the higher 
resistance value the heaters still form a functional array and there is sufficient flexibility 
within the control system to cope with the shift in the mean value. 
The power required for the single actuator test with a DC power supply was approximately 
0.75Watts at 14.75V and 0.051A. The current drawn during the test was higher than desired 
0.010 – 0.013Amps, however, there is potential for reducing this through optimisation of the 
PCB cross section. The PCB used in the final prototype was originally design for a slug 
heater and not a sleeve which ultimately proved successful. This has led to a device that is 
thicker than required at almost 7.4mm and an increase in the volume of the wax chamber. A 
more optimised design for a sleeve heater is discussed further in Section 8. This design 
should result in a smaller wax volume and a reduce power requirement to activate and 
actuator. 
Tremblay et al. (2012) had said that paraffin wax actuators are “notoriously slow making 
them difficult to use in some applications”. The actuation time for the phase change actuator 
yielded an average time of approximately 5 seconds. The fast response time was achieved 
largely due to the novel heater design used by the paraffin wax actuators in the Data Matrix 
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Board. The heater design enveloped the wax minimising the time for heat transfer and the 
resultant phase change. The speed of the actuators is an important feature necessary for the 
viability of a fully developed marking device. Since this is aimed at the orthopaedic implant 
manufacturing market it is desirable that using the marking device does not adversely affect 
the existing cycle time for injection moulding wax investments. 
The theoretical calculation for the actuator response was 0.3seconds against an actual time of 
5seconds. While this may appear like a large discrepancy it is important to note that the 
calculations for the actuations time were intended as an approximation. The calculations used 
throughout the research were based on a simplistic model of the wax actuator being used in 
the Data Matrix Board. The calculations did not take into account: 
 The thermal transfer from one actuator to an adjacent one 
 The thermal mass of the Data Matrix Board 
 The effect of the cooling plane on the thermal transfer within the Data Matrix Board 
 The reduction in the thermal conductivity as the wax changes from solid to liquid 
 The heat transfer from the ground plane to the heat sink / mould 
The offline test demonstrated the viability of the proposed actuator design for fabricating a 
marking device capable of creating unique identifiers with dot patterns. Two simple dot 
patterns were created during testing. The first pattern had seven actuators distributed across 
the Data Matrix Board and had a power requirement of 14% and the second pattern had eight 
active actuators in close proximity with a power requirement of only 8%. The difference in 
power requirement between the two patterns highlights the importance of thermal 
management in the Data Matrix Board, as more actuators are activated in close proximity to 
each other the overall power requirement reduces. This can only be as a result of a rise in the 
baseline operating temperature of the Data Matrix Board and a lower power requirement to 
elevate an actuator to the melting range temperature of the paraffin wax.  
It was expected that thermal management of the Data Matrix Board would be an important 
consideration. Even though the FR4 selected for the manufacture of the prototype PCB had 
good thermal insulating properties there is still some element of heat thermal transfer from an 
active actuator to an adjacent one. The ability to adjust the power applied to the Data Matrix 
Board depending on the number of active actuators largely mitigated the thermal transfer 
issue preventing false actuations. This is especially evident in the second pattern where eight 
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active actuators surrounded a centre one which remained inactive. The ability to create a 
pattern of this nature shows the potential of the technology to be further developed so that 
more complex 2D Data Matrix patterns are possible. 
The application testing marked an important milestone for the prototype marking device as it 
demonstrated the capability of the prototype design for creating simple dot patterns in wax 
investments. As per the objective of the research the dot patterns produced had a dot size and 
pitch distance that were compliant with the dot size and pitch distance for a standard ECC200 
2D Data Matrix code. To achieve this, the researcher had to fill a number of gaps in the 
existing knowledge so that a novel design of wax actuator could be developed to enable a 
close packed high power actuator array to be fabricated. 
The phase change technology was selected due to its capability to withstand compressive 
forces of a high pressure injection moulding process. The application testing demonstrated 
this with a sample wax token being moulded at recorded pressure of 16.6Bar on the injection 
moulding machine. One of the technical requirements stated in the House of Quality shown 
in Figure 13 was the capability to withstand 17Bar pressure. The device was also tested at a 
set pressure of 30Bar pressure which reached a final actual pressure of 29.5Bar pressure this 
was the maximum pressure capability of the injection moulding machine used in the testing. 
The marking device was able to produce pattern on the wax which satisfied the technical 
specifications of a 14mm x 14mm footprint and an approximate dot size of 0.8mm. This 
would give a pitch distance of 1.2mm between each dot on a pattern. Reaching these 
technical requirements establishes the fundamental requirement for producing ECC200 2D 










1. A unique phase change actuator design was developed not previously disclosed in the 
current literature. As stated by the International Searching Authority: 
 
“… the heating element comprises a vertical heating element, wherein the vertical heating 
element envelops the phase change material, and is therefore new” 
 
“The solution to this problem proposed in Claim 1 of the present application is considered 
as involving an inventive step (Article 33(3)PCT) for the following reason: 
The use of a vertical heating element, wherein the vertical element envelops the phase 
change material in a device for marking a moulded form with patterning is neither 
disclosed nor suggested in the available prior art.” 
 
2. An individual wax actuator requires 0.75Watts at a drive voltage of 14.75V DC and 
0.051A to reach the melting range of the paraffin wax and cause it to extend 
 
3. Using the novel wax actuator, an advanced prototype marking device consisting of a     
12 x 12 array of actuators was developed for creating simplex dot pattern unique 
identifiers 
 
4. The dot size and spacing produced by the 12 x 12 array conforms to the dot size and 
pitch distance for a standard ECC 200 2D Data Matrix code 
 
5. An advanced prototype marking device was fabricated and successfully integrated into a 




9. Future Work 
Three areas for future work have been identified: 
1. Optimisation of the PCB design to accommodate a sleeve heater 
2. Thermal modelling of the Data Matrix Board with Finite Element Analysis 
3. Publications 
 
9.1. Future Work – Optimised PCB Design 
The Data Matrix Board used for the final prototype was originally designed for a slug heater 
system. Due to the fabrication issues encountered this design was ultimately abandoned in 
favour of the sleeve heater design which has proven more successful. The sleeve heater was 
used to fabricate a prototype device capable of creating dot patterns on wax investments 
using the same wax injection moulding process used in industry. 
However the design of the PCB is not optimal for this type of heater configuration. The 
finished Data Matrix Board is approximately 7.4mm in thickness and now contains wax 
actuators of the same height. This would result in a linear expansion of greater than 0.7mm 
which would rupture the Dow734 membrane if all the wax was allowed to melt. During 
testing careful control of the power percentage had to be maintained in order to prevent this 
from happening. 
To solve this, a thinner cross section PCB would need to be fabricated with the cross section 
shown in Figure 113.  
 





















The wax expansion in this PCB would be easier to control. This would also enable the 
researcher to better determine the power requirement and response time for an actuator. The 
current Data Matrix Board has heaters which are only 2mm in length but still have to melt 
wax actuators 7.4mm in length; this slows the response of the actuator and also requires an 
excessive amount of power.  
 
9.2. Future Work – Finite Element Analysis 
Manufacturing the new design PCB is the quickest and cheapest method determining how the 
optimised design would perform. Even with the learnings from the offline and application 
testing in Sections 7.3 to 7.5 this would be difficult to extrapolate. This is largely due to the 
cooling plane that was included in design in the middle of the Data Matrix Board. This plane 
is thermally coupled to the Peltier and heat sink, the exact influence of this is not known. If 
the performance of the new PCB is close to the desired level (i.e. more complex patterns can 
be generated, lower power requirement) it would be necessary to gain a better understanding 
of the thermal characteristics of the PCB in order to fully optimise its performance. To 
accomplish this, a Finite Element Analysis (FEA) model would need to be developed.  
The application testing results in Section 7.5.4 showed that different power percentages were 
required depending on the number of active actuators and their proximity to each other. The 
closer they were the less power was required to get them to actuate. This behaviour is 
complex and would require the modelling capability of FEA to understand it. This knowledge 
would form the basis of a control algorithm to adjust the power depending on the pattern 
being generate. The new PCB design proposed in Section 9.1 if manufactured could be used 
to calibrate an FEA model. 
 
9.3. Future Work – Publications 
Two patent applications have been filed on the novel work completed in this research. No 
other publications were considered during the priority period of the patents as it may have 
been necessary to alter the applications during this time and any other research output would 
have been viewed as prior art and could possibly compromise the validity of the patent 
applications. It is proposed to complete two research papers when it is appropriate to do so: 
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1. A research paper detailing the novel wax actuator design with sleeve heater used in 
the Data Matrix Board. 
2. A research paper on the design of the Data Matrix Board as a platform technology for 
alternative applications such as sensor arrays. At the time of writing, the patent has 
been published (but is still patent pending) and is in the public domain and has been 
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14. Appendix D 
The detailed schematics of the PCB designed in Experiment Phase 1 are shown in Figure 114 
to Figure 124. The top screen printed layer is shown in Figure 114. The following six layers 
from Figure 115 to Figure 120 detail the trace layouts for the individual top connector for 
each heater in the array. The following three layers shown in Figure 121 to Figure 123 have 
no copper traces or vias in the section for they array. They are completely insulating and 
contain the resistive material to fabricate the heaters. The resistive material is used to form 
the electrical connection between the top connector and the common ground layer shown in 
Figure 124 
   
Figure 114: Screen Print Figure 115: Layer 1 (Top 
Connectors) 
Figure 116: Layer 2 (Top 
Connectors) 
   
Figure 117: Layer 3 (Top 
Connectors) 
Figure 118: Layer 4 (Top 
Connectors) 




Figure 120: Layer 6 (Top 
Connectors) 
  
   
Figure 121: Insulating Layer Figure 122: Insulating Layer Figure 123: Insulating Layer 
 
  
Figure 124: Common Ground   
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15. Appendix E 
The detailed schematics of the PCB designed in Experiment Phase 2 and application tested in 
Section 7.4 are shown in Figure 125 to Figure 134. Layer 1 is the top surface of the Data 
Matrix Board. The second layer shown in Figure 126 is a cooling plane added in the middle 
of the board for thermal management to decrease heat transfer between adjacent actuators. 
The top connectors between layer 3 shown in Figure 127 and layer 8 shown in Figure 132 
provide electrical connections for the 144 individual heaters. From layer 8 to layer 15 Data 
Matrix Board is completely insulating and this region form the heater array for the PCB. A 
resistive material is used to form the electrical connection between the top connectors and the 
common ground layer shown in Figure 133 and Figure 134. A complete schematic is shown 
in Figure 135. 
   
Figure 125: Layer 1 (Top Layer) Figure 126: Layer 2 (Cooling 
Plane) 
Figure 127: Layer 3 (Top 
connectors) 
   
Figure 128: Layer 4 (Top 
connectors) 
Figure 129: Layer 5 (Top 
connectors) 










Figure 131: Layer 7 (Top 
connectors) 
Figure 132: Layer 8 (Top 
connectors) 




Figure 134: Layer 16 (Common 
Ground) 
Figure 135: Complete PCB 
Layout 
 
 
 
 
 
 
 
